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@  Zirconium-based  alloy  with  high  corrosion  resistance. 

@  A  zirconium-based  alloy  with  a  high  corrosion  resistance, 
consisting  essentially  of  1  to  2wt%  Sn,  0.20  to  0.35wt%  Fe,  0.03 
to  0.16wt%  Ni  and  the  balance  substantially  Zr.  The  Fe/Ni  con- 
tent  ratio  of  the  alloy  ranges  between  1.4  and  8.  The  structure 
of  the  alloy  has  a  fine  intermetallic  compound  of  Sn  and  Ni  pre- 
cipitated  within  the  zirconium  crystal  grain  of  a-phase.  The  al- 
loy  may  further  contain  0.05  to  0.15wt%  Cr.  This  alloy  exhibits 
reduced  hydrogen  absorption  rate  and  suffers  from  no  nodular 
corrosion,  so  that  it  can  suitably  be  used  as  a  material  of  nuc- 
lear  fuel  cladding  tubes  (1).  The  nuclear  fuel  cladding  tube  (1) 
made  of  this  alloy  exhibits  extended  service  life  when  used  in  a 
nuclear  reactor  of  high  degree  of  burn-up. 
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ZIRCONIUM-BASED  ALLOY  WITH  HIGH  CORROSION  RESISTANCE 

1  BACKGROUND  OF  THE  INVENTION 

FIELD  OF  THE  INVENTION 

The  p r e s e n t   i n v e n t i o n   r e l a t e s   to   a  n o v e l  

z i r c o n i u m - b a s e d   a l l o y   a n d ,   more   p a r t i c u l a r l y ,   to   a  

5  z i r c o n i u m - b a s e d   a l l o y   w h i c h   i s   s u i t a b l e   f o r   u s e   as  a  

m a t e r i a l   of  f u e l   c l a d d i n g   t u b e s   in   a  n u c l e a r   r e a c t o r ,  

h a v i n g   s u p e r i o r   c o r r o s i o n   r e s i s t a n c e   to   w i t h s t a n d   t h e   u s e  

a t   h i g h   d e g r e e   of   b u r n - u p   of   t h e   f u e l   i n   t h e   n u c l e a r  

r e a c t o r .   The  i n v e n t i o n   i s   c o n c e r n e d   a l s o   w i t h   a  n u c l e a r  

10  f u e l   r o d   h a v i n g   a  c l a d d i n g   t u b e   made  of   t h e   z i r c o n i u m -  

b a s e d   a l l o y ,   as  w e l l   as  a  n u c l e a r   f u e l   a s s e m b l y   h a v i n g  

s u c h   f u e l   r o d s .  

DESCRIPTION  OF  THE  PRIOR  ART 

Among  v a r i o u s   known  z i r c a l o y s ,   m o s t   c o m m o n l y  

15  u s e d   as  t h e   m a t e r i a l   of   a  n u c l e a r   f u e l   c l a d d i n g   t u b e   a r e  

z i r c a l o y - 2   (Sn:   1 . 2 0 - 1 . 7 0 w t % ,   Fe :   0  .  0 7 - 0   .  20wt%  ,  C r :  

0 . 0 5 - 0 . 1 5 w t % ,   Ni :   0  .  0 3 - 0   .  08wt%  ,  O:  9 0 0 - 1 5 0 0   ppm  and   t h e  

b a l a n c e   s u b s t a n t i a l l y   Zr ,   w h e r e   (Fe  +  Cr  +  Ni)  :  0 . 1 6 -  

0 . 2 4 w t % ) ,   and  z i r c a l o y - 4   (Sn:   1.  2 0 - 1 .   70wt%  ,  Fe:   0 . 1 8 -  

20  0 . 2 4 w t % ,   Ni :   0 . 0 0 7 w t %   or   l e s s ,   0:  9 0 0 - 1 5 0 0   ppm,  and   t h e  

b a l a n c e   s u b s t a n t i a l l y   Zr ,   w h e r e   (Fe  +  Cr)  :  0  .  2 8 - 0   .  37wt%)  . 

The  h i s t o r y   of   d e v e l o p m e n t   of   t h e s e   z i r c a l o y s  

i s   d e s c r i b e d   in   d e t a i l   in   an  a r t i c l e   i n   ASTM,  STP  No.  3 6 8  

(1963)   ,  p a g e s   3 - 1 7 .   T h i s   a r t i c l e   a l s o   i n t r o d u c e s   v a r i o u s  

25  o t h e r   z i r c a l o y s   s u c h   as  z i r c a l o y - 1   ( Z r - 2   .  5wt%Sn)  , 

H i t a c h i ,   L t d .  
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1  z i r c a l o y - 3 A   ( Z r - 0 . 2 5 w t % S n - 0 . 2 5 w t % F e )   ,  z i r c a l o y - 3 B   ( Z r -  

0 . 5 w t % S n - 0 . 4 w t % F e )   ,  z i r c a l o y - 3 C   ( Z r - 0   .  5 w t % S n - 0   .  2 w t % F e -  

0 . 2 w t % N i ) /   and  z i r c a l o y - 2   (Sn:  1 . 2 0 - 1 . 7 0 w t % ,   F e :  

0 . 1 2 - 0 . 1 8 w t % ,   Cr :   0  .  05 -0   .  15wt%  ,  N i :   0 . 0 0 7 w t %   or   l e s s ) .  

5  T h e s e   z i r c a l o y s   o t h e r   t h a n   t h e   z i r c a l o y - 2   a n d  

z i r c a l o y - 4   s u f f e r   f r o m   t h e   f o l l o w i n g   d i s a d v a n t a g e s .  

The  z i r c a l o y - 1 ,   w h i c h   d o e s   n o t   c o n t a i n   Fe ,   C r  

and  Ni ,   show  o n l y   a  low  l e v e l   of   c o r r o s i o n   r e s i s t a n c e .  

The  z i r c a l o y s - 3 A - 3 C   a r e   i n t e n d e d   f o r   h i g h e r   p r o d u c i b i l i t y  

L0  t h r o u g h   r e d u c t i o n   of   t h e   Sn  c o n t e n t ,   as  w e l l   as  f o r   h i g h e r  

c o r r o s i o n   r e s i s t a n c e   t h r o u g h   i n c r e a s i n g   t h e   Fe  and   N i  

c o n t e n t s .   T h e s e   z i r c a l o y s - 3 A - 3 C ,   h o w e v e r ,   show  a  l o w  

l e v e l   of   s t r e n g t h ,   t h a t   i s ,   a b o u t   75%  of   t h a t   e x h i b i t e d  

by  t h e   z i r c a l o y - 2 .   A  N i - f r e e   z i r c a l o y - 2   show  o n l y   s m a l l  

L5  c o r r o s i o n   r e s i s t a n c e   in   510°C  s t e a m ,   due   to   e l i m i n a t i o n   o f  

Ni  c o n t e n t .   The  z i r c a l o y - 4   i s   an  a l l o y   w h i c h   i s   o b t a i n e d  

by  i n c r e a s i n g   t h e   Fe  c o n t e n t   i n   t h e   N i - f r e e   z i r c a l o y - 2 .  

T h i s   a l l o y ,   h o w e v e r ,   h a s   to   h a v e   a  l a r g e   Fe  c o n t e n t   due   t o  

t h e   e l i m i n a t i o n   of   Ni  c o n t e n t ,   w i t h   t h e   r e s u l t   t h a t   t h e  

20  n e u t r o n   a b s o r p t i o n   c r o s s   s e c t i o n   i s   i n c r e a s e d   u n d e s i r a b l y .  

A c c o r d i n g   to   t h e   a r t i c l e   m e n t i o n e d   a b o v e ,   t h e  

c o m p o n e n t s   of   t h e   z i r c a l o y s   h a v e   t h e   f o l l o w i n g   f u n c t i o n s  

or   e f f e c t s .   Sn  i s   a d d e d   f o r   t h e   p u r p o s e   of   i m p r o v i n g   t h e  

m e c h a n i c a l   p r o p e r t i e s   of   t h e   a l l o y   and  e l i m i n a t i n g  

25  u n f a v o r a b l e   e f f e c t   on  t h e   c o r r o s i o n   r e s i s t a n c e   w h i c h  

may  o t h e r w i s e   be  c a u s e d   by  n i t r o g e n   c o n t a i n e d   in   s p o n g e  

z i r c o n i u m   u s e d   as  a  raw  m a t e r i a l   f o r   p r o d u c i n g   t h e  

z i r c a l l o y s .   Fe ,   Cr  and  Ni  a r e   a d d e d   m a i n l y   f o r   t h e  
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1  p u r p o s e   of   i m p r o v i n g   t h e   c o r r o s i o n   r e s i s t a n c e .   D i s c u s s i o n  

i s   made  i n   t h e   a r t i c l e   as  to   t h e   c o r r o s i o n   r e s i s t a n c e   i n  

h i g h   t e m p e r a t u r e   w a t e r   of   315  to   360°C  and   i n   s t e a m   o f  

400  °C  w i t h   r e s p e c t   to   t e r n a r y   a l l o y s   p r o d u c e d   by  a d d i n g  

5  a  s i n g l e   e l e m e n t   of   Fe  o r   Cr  or   Ni  to   e a c h   of   Z r - 2 . 5 w t % S n  

a l l o y   and   Z r - 1 . 8 w t % S n   a l l o y   as  w e l l   as  b i n a r y   a l l o y s  

p r o d u c e d   by  a d d i n g   a  s i n g l e   e l e m e n t   of   Fe  or   Cr  o r   Ni  t o  

Zr .   The  c o n c l u s i o n   i s   t h a t   t h e   o p t i m u m   c o n t e n t s   of   F e ,  

Cr  and  N i ,   when  e a c h   of   t h e m   i s   a d d e d   as  a  s i n g l e   a d d i t i v e ,  

10  a r e   0 . 2 2 w t % ,   0 . 1wt%  and   0 . 2 2 w t % ,   r e s p e c t i v e l y .   D i s c u s s i o n  

i s   made  a l s o   i n   r e g a r d   to   t h e   e f f e c t   of   a d d i t i o n   of   F e ,  

Cr  and  Ni  in   c o m b i n a t i o n .   The  a r t i c l e   r e p o r t s   t h a t   t h e  

o p t i m u m   t o t a l   c o n t e n t   of   Fe ,   Cr  and   Ni  i s   0 . 3 5 w t %   i n  

a  c a s e   of   t h e   s t e a m   of   400  °C  and  i s   0 . 3   wt%  in   a n o t h e r  

15  c a s e   of   t h e   w a t e r   of   3 6 0 ° C .   The  a l l o y   c o m p o s i t i o n s   o f  

t h e   z i r c a l o y - 2   and   z i r c a l o y - 4 ,   w h i c h   a r e   p r e s e n t l y   u s e d  

c o m m o n l y ,   h a v e   b e e n   d e t e r m i n e d   t h r o u g h   t h e   d i s c u s s i o n  

e x p l a i n e d   a b o v e .  

T h u s ,   h i g h   l e v e l s   of   c o r r o s i o n   r e s i s t a n c e   o f  

20  t h e   z i r c a l o y - 2   and   z i r c a l o y - 4   h a v e   b e e n   c o n f i r m e d .  

H o w e v e r ,   ASTM,  STP  No.  633  (1977)   p a g e s   2 3 6 - 2 8 0   a n d  

p a g e s   2 9 5 - 3 1 1   s t a t e s   t h a t ,   when  t h e   z i r c a l o y - 2   and  t h e  

z i r c a l o y - 4   w i t h   c o n f i r m e d   h i g h   c o r r o s i o n   r e s i s t a n c e   a r e  

u s e d   i n   a  b o i l i n g   w a t e r   r e a c t o r ,   a  p a p u l a r   l o c a l   c o r r o s i o n  

25  i s   o b s e r v e d   to   o c c u r   on  t h e   m e m b e r s   made  of   t h e s e   a l l o y s .  

T h i s   l o c a l   c o r r o s i o n   i s   g e n e r a l l y   known  as  n o d u l a r  

c o r r o s i o n .   As  t h e   h i g h   d e g r e e   of   b u r n - u p   of   n u c l e a r  

f u e l   i s   e f f e c t e d ,   a r e a s   s u f f e r i n g   f r o m   t h e   n o d u l a r  
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1  c o r r o s i o n   a r e   i n c r e a s e d   to   c o n n e c t   one   a n o t h e r   a n d  

f i n a l l y   e x f o l i a t e   f r o m   t h e   m a t e r i a l .   T h u s ,   t h e   p r e v e n t i o n  

of   t h e   n o d u l a r   c o r r o s i o n   b e c o m e s   e s s e n t i a l   to   t h e   o p e r -  

a t i o n   of   n u c l e a r   r e a c t o r   w i t h   h i g h   d e g r e e   of   b u r n - u p  

5  of  t h e   n u c l e a r   f u e l .  

ANS  TRANSACTION  V o l .   34  ( J u n e   1980)   p a g e s  

2 3 7 - 2 3 8 ,   J .   E l e c t r o c h e m .   S o c .   E l e c t r o c h e m i c a l   S c i e n c e  

and   T e c h n o l o g y ,   F e b r u a r y   1 9 7 5 ,   p a g e s   1 0 0 - 2 0 4 ,   as  w e l l   a s  

J a p a n e s e   P a t e n t   L a i d - O p e n   No.  9 5 2 4 7 / 1 9 8 3 ,   s t a t e   t h a t   t h e  

L0  n o d u l a r   c o r r o s i o n   w h i c h   g e n e r a l l y   t a k e s   p l a c e   i n   n u c l e a r  

r e a c t o r   can   be  w e l l   r e p r o d u c e d   in   an  a c c e l e r a t e d   c o r r o s i o n  

t e s t   c o n d u c t e d   o u t s i d e   t h e   r e a c t o r   by  u s i n g   h i g h   t e m p e r -  

a t u r e   s t e a m   a t m o s p h e r e   of   a b o u t   500  °C  or   h i g h e r .   I n  

o t h e r   w o r d s ,   i t   h a s   b e e n   c o n f i r m e d   t h a t   t h e   s e n s i t i v i t y  

15  of   t h e   z i r c a l o y   to   t h e   n o d u l a r   c o r r o s i o n   c a n n o t   b e  

e v a l u a t e d   t h r o u g h   a  t e s t   c o n d u c t e d   in   h i g h   t e m p e r a t u r e  

s t e a m   of   400  °C  or   i n   h i g h   t e m p e r a t u r e   w a t e r   of   315  t o  

3 6 0 ° C .   C o r r o s i o n   t e s t   c o n d u c t e d   u n d e r   s u c h   an  i m p r o v e d  

t e s t i n g   c o n d i t i o n ,   i . e . ,   w i t h i n   t h e   a t m o s p h e r e   of   h i g h  

20  t e m p e r a t u r e   s t e a m   of   500°C  or   h i g h e r ,   p r o v e d   t h a t   e v e n  

t h e   z i r c a l o y s - 2   and  -4  a r e   n o t   s u f f i c i e n t l y   r e s i s t a n t   t o  

n o d u l a r   c o r r o s i o n .   T h i s   i n   t u r n   h a s   g i v e n   a  r i s e   to   t h e  

d e m a n d   f o r   c l a d d i n g   t u b e s   h a v i n g   h i g h e r   r e s i s t a n c e   t o  

n o d u l a r   c o r r o s i o n .  

25  The  s p e c i f i c a t i o n   of   U n i t e d   S t a t e s   P a t e n t   N o .  

2 , 7 7 2 , 9 6 4   d i s c l o s e s   an  a l l o y   c o n s i s t i n g   of   0 . 1   to   2 . 5 w t %  

of  Sn,   n o t   g r e a t e r   t h a n   2wt%  of   a t   l e a s t   one  of   Fe ,   C r  

and  N i ,   and   t h e   b a l a n c e   s u b s t a n t i a l l y   Zr ,   b u t   f a i l s   t o  
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1  d i s c l o s e   any  a l l o y   w h i c h   i s   s u p e r i o r   r e g a r d i n g   b o t h  

c o r r o s i o n   r e s i s t a n c e   and  h y d r o g e n   a b s o r p t i o n   c h a r a c -  

t e r i s t i c s   . 

J a p a n e s e   U n e x a m i n e d   P a t e n t   P u b l i c a t i o n   N o s .  

5  1 1 0 4 1 1 / 1 9 7 6 ,   1 1 0 4 1 2 / 1 9 7 6   and   2 2 3 6 4 / 1 9 8 3   d i s c l o s e   a  

h e a t - t r e a t i n g   m e t h o d   known  as  3  q u e n c h   f o r   i m p r o v i n g  

c o r r o s i o n   r e s i s t a n c e   of  z i r c a l o y ,   and  a l s o   a  p r o c e s s  

w h i c h   c o m p r i s e s   t h e   3  q u e n c h   s t e p .   B r i e f l y ,   t h e   3  q u e n c h  

m e t h o d   i s   a  h e a t - t r e a t i n g   m e t h o d   i n   w h i c h   a  z i r c a l o y   i s  

10  q u e n c h e d   f r o m   a  t e m p e r a t u r e   r a n g e   of   a  +  3  p h a s e s   o r  

3 - p h a s e   a l o n e .   T h i s   t r e a t m e n t   c a u s e s   r e f i n i n g   o r   p a r t i a l  

s o l i d - s o l u t i o n   of   i n t e r m e t a l l i c   c o m p o u n d   p h a s e s   s u c h   a s  

( Z r ( C r ,   F e ) 2 ,   Z r 2 ( N i ,   Fe)  ,  e t c . )   w h i c h   a r e   p r e c i p i t a t e d  

in   t h e   a l l o y .   I t   i s   t r u e   t h a t   t h e   3 - q u e n c h e d   z i r c a l o y  

15  e x h i b i t s   i m p r o v e d   c o r r o s i o n   r e s i s t a n c e ,   b u t   t h e   z i r c a l o y  

of   as  3 - q u e n c h e d   s t a t e   e x h i b i t s   a  low  d u c t i l i t y   due   t o  

t h e   f a c t   t h a t   i t   c o n t a i n s   m a r t e n s i t i c   s t r u c t u r e   ( a c i c u l a r  

s t r u c t u r e )   w h i c h   h a s   s u p e r - s a t u r a t e d   s o l i d   s o l u t i o n   o f  

Fe ,   Cr  and   N i .  

20  In   o r d e r   t o   i m p r o v e   t h e   d u c t i l i t y   of   t h e  

z i r c a l o y ,   t h e r e f o r e ,   i t   h a s   b e e n   p r o p o s e d   to   s u b j e c t  

t h e   z i r c a l o y   to   a  p r o c e s s   in   w h i c h   a  c o l d   w o r k i n g   a n d  

a n n e a l i n g   a r e   r e p e a t e d   a l t e r n a t i n g   ly   a f t e r   t h e   3  q u e n c h i n g ,  

so  as  to   o b t a i n   a  r e c r y s t a l l i z e d   s t r u c t u r e .  

25  F o r   i n s t a n c e ,   in   t h e   c a s e   of   p r o d u c t i o n   of   a  

n u c l e a r   f u e l   c l a d d i n g   t u b e ,   an  i n g o t   f o r m e d   f r o m   a  m o l t e n  

m a t e r i a l   i s   f o r m e d   i n t o   a  c y l i n d r i c a l   b i l l e t   t h r o u g h   h o t  

f o r g i n g   c o n d u c t e d   a t   a b o u t   1000  °C,  a  s o l i d - s o l u t i o n  
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1  t r e a t m e n t   c o n d u c t e d   a t   a b o u t   1 0 0 0 ° C ,   h o t   f o r g i n g   c o n d u c t e d  

a t   a b o u t   700  °C  and  h o t   e x t r u s i o n .   The  b i l l e t   i s   t h e n  

s u b j e c t e d   to   3  q u e n c h   f o l l o w e d   by  t h r e e   r e p e t i t i o n s   o f  

t h e   a l t e r n a t i n g   s t e p s   of   P i l g e r   m i l l   c o l d   r o l l i n g   a n d  

5  a n n e a l i n g .   I f   t h e   s t e p s   of   i n t e n s i v e   w o r k i n g   a n d  

a n n e a l i n g   a r e   r e p e a t e d   a  p l u r a l i t y   of   t i m e s   a f t e r   t h e  

3  q u e n c h i n g ,   a  c o a r s e   i n t e r m e t a l l i c   c o m p o u n d   p h a s e   w i l l  

be  c a u s e d   in   a  z i r c a l o y   a l l o y   h a v i n g   b e e n   i m p r o v e d   to   h a v e  

h i g h   c o r r o s i o n   r e s i s t a n c e   by  t h e   3 - q u e n c h i n g ,   so  t h a t   t h e  

10  c o r r o s i o n   r e s i s t a n c e   t h e r e o f   b e c o m e s   d e g r a d e d .  

T h u s ,   i t   i s   d e s i r e d   t h a t   a  z i r c o n i u m   b a s e d  

a l l o y   u s e d   as  a  f u e l   c l a d d i n g   t u b e   h a s   a  h i g h   c o r r o s i o n  

r e s i s t a n c e   w h i c h   d o e s   n o t   v a r y   when   i t   i s   s u b j e c t e d   t o  

w o r k i n g   and   h e a t   t r e a t m e n t .  

15  The  c o n v e n t i o n a l   m e t h o d s   d e s c r i b e d   h e r e i n a b o v e  

f o r   i m p r o v i n g   t h e   c o r r o s i o n   r e s i s t a n c e   of   z i r c a l o y   r e l y  

u p o n   h e a t   t r e a t m e n t s ,   and  no  c o n s i d e r a t i o n   h a s   b e e n   m a d e  

f o r   t h e   p u r p o s e   of   p r e v e n t i o n   of   n o d u l a r   c o r r o s i o n  

t h r o u g h   r e c o n s i d e r a t i o n   of  a l l o y   c o m p o s i t i o n .   The  c o n -  

20  v e n t i o n a l   m e t h o d s ,   t h e r e f o r e ,   c o u l d   n o t   c o m p l e t e l y  

p r e v e n t   t h e   n o d u l a r   c o r r o s i o n   f r o m   o c c u r r i n g   i n   a  c l a d d i n g  

t u b e   u s e d   i n   t h e   a c t u a l   n u c l e a r   r e a c t o r .   In   a d d i t i o n ,  

t h e s e   known  m e t h o d s   c o u l d   n o t   s u f f i c i e n t l y   r e d u c e  

h y d r o g e n   a b s o r p t i o n   r a t e   by  t h e   z i r c a l o y .  

25  SUMMARY  OF  THE  INVENTION 

A c c o r d i n g l y ,   an  o b j e c t   of   t h e   p r e s e n t   i n v e n t i o n  

i s   to   p r o v i d e   a  z i r c o n i u m - b a s e d   a l l o y   w h i c h   i s   f r e e   f r o m  
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1  t h e   p r o b l e m   of   n o d u l a r   c o r r o s i o n   and   w h i c h   e x h i b i t s  

i m p r o v e d   h y d r o g e n   a b s o r p t i o n   p r o p e r t y   ( s m a l l   h y d r o g e n  

a b s o r p t i o n   r a t e ,   as  w e l l   as  a  m e t h o d   of   p r o d u c i n g   s u c h   a  

z i r c o n i u m - b a s e d   a l l o y .   The  i n v e n t i o n   a l s o   a i m s   a t  

5  p r o v i d i n g   b o t h   a  n u c l e a r   f u e l   r o d   and  a  f u e l   a s s e m b l y  

w h i c h   i n c o r p o r a t e   m e m b e r s   made  of   s u c h   a  z i r c o n i u m - b a s e d  

a l l o y .  

To  t h i s   e n d ,   a c c o r d i n g   to   t h e   p r e s e n t   i n v e n t i o n ,  

t h e r e   i s   p r o v i d e d   a  z i r c o n i u m - b a s e d   a l l o y   h a v i n g   h i g h  

10  c o r r o s i o n   r e s i s t a n c e   c o n s i s t i n g   e s s e n t i a l l y   of   1  to   2wt% 

of  Sn,   0 . 2 0   to   0 . 3 5 w t %   of   Fe ,   0 . 0 3   to   0 . 1 5 w t %   of   Ni  a n d  

t h e   b a l a n c e   s u b s t a n t i a l l y   Zr ,   t h e   r a t i o   of   F e / N i   c o n t e n t s  

b e i n g   in   a  r a n g e   b e t w e e n   1 . 4   and   8,  and  f i n e   i n t e r m e t a l l i c  

c o m p o u n d   of   Sn  and   Ni  b e i n g   p r e c i p i t a t e d   i n   t h e   a - p h a s e  

15  z i r c o n i u m   c r y s t a l   g r a i n s .  

A c c o r d i n g   to   t h e   i n v e n t i o n ,   a  f u r t h e r   i m p r o v e m e n t  

in   t h e   c o r r o s i o n   r e s i s t a n c e   c a n   be  a c h i e v e d   by  a d d i t i o n  

of   0 . 0 5   to   0 . 1 5 w t %   of   C r .  

In   o r d e r   to   o b t a i n   an  a p p r e c i a b l e   i m p r o v e m e n t  

20  i n   t h e   c o r r o s i o n   r e s i s t a n c e ,   as  w e l l   as  t h e   s t r e n g t h ,   i t  

i s   e s s e n t i a l   t h a t   t h e   Sn  c o n t e n t   i s   lwt%  or   g r e a t e r .  

H o w e v e r ,   i n c r e a s e   of   t h e   Sn  c o n t e n t   b e y o n d   2wt%  d o e s   n o t  

p r o d u c e   any  r e m a r k a b l e   e f f e c t   in   t h e   i m p r o v e m e n t   of  t h e  

c o r r o s i o n   r e s i s t a n c e   b u t ,   r a t h e r ,   c a u s e s   a  r e d u c t i o n   i n  

25  t h e   p l a s t i c   w o r k a b i l i t y .   The  Sn  c o n t e n t ,   t h e r e f o r e ,  

s h o u l d   n o t   e x c e e d   2wt%.  P r e f e r a b l y ,   t h e   Sn  c o n t e n t   i s  

in   t h e   r a n g e   of   1 . 2   to   1 . 7   wt%  in   v i e w   of   t h e   c o m p a t i b i l i t y  

of   h i g h   w o r k a b i l i t y ,   s u p e r i o r   s t r e n g t h   and  i m p r o v e d  
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1  c o r r o s i o n   r e s i s t a n c e .  

Fe  i s   an  e l e m e n t   w h i c h   i m p r o v e s   t h e   c o r r o s i o n  

r e s i s t a n c e   of   t h e   z i r c o n i u m - b a s e d   a l l o y   in   h i g h   t e m p e r -  

a t u r e   and  h i g h   p r e s s u r e   w a t e r ,   and   w h i c h   i m p r o v e s   h y d r o g e n  

5  a b s o r p t i o n   c h a r a c t e r i s t i c s   and  s t r e n g t h .   In  o r d e r   t o  

o b t a i n   an  a p p r e c i a b l e   e f f e c t ,   t h e   Fe  c o n t e n t   s h o u l d   b e  

a t   l e a s t   0 . 2 w t % .   An  Fe  c o n t e n t   e x c e e d i n g   0 . 3 5 w t % ,  

h o w e v e r ,   i n c r e a s e s   t h e   n e u t r o n   a b s o r p t i o n   c r o s s   s e c t i o n  

and   d e g r a d e s   c o l d   w o r k a b i l i t y .   The  Fe  c o n t e n t ,   t h e r e f o r e ,  

10  s h o u l d   n o t   e x c e e d   0 . 3 5 w t % .   Good  c o m p a t i b i l i t y   of   v a r i o u s  

p r o p e r t i e s   i s   o b t a i n e d   p r e f e r a b l y   when   t h e   Fe  c o n t e n t  

r a n g e s   b e t w e e n   0 . 2   and   0 .3   wt%.  A  z i r c o n i u m - b a s e d   a l l o y  

h a v i n g   Fe  c o n t e n t   f a l l i n g   w i t h i n   t h e   r a n g e   s p e c i f i e d  

a b o v e   i s   s u i t a b l e   f o r   u s e   i n   t h e   p r o d u c t i o n   of   t h i n - w a l l e d  

15  s t r u c t u r a l   m e m b e r s   s u c h   as  n u c l e a r   f u e l   c l a d d i n g   t u b e s ,  

s p a c e r s   and  c h a n n e l   b o x e s   t h r o u g h   r e p e t i t i o n   o f   c o l d  

p l a s t i c   w o r k i n g   and   a n n e a l i n g .  

Ni  i s   an  a d d i t i v e   w h i c h   c a n   i m p r o v e   t h e  

c o r r o s i o n   r e s i s t a n c e   i n   h i g h   t e m p e r a t u r e   and  h i g h   p r e s -  

20  s u r e   w a t e r   w i t h o u t   c a u s i n g   t h e   h y d r o g e n   a b s o r p t i o n   r a t e  

to   be  i n c r e a s e d   s u b s t a n t i a l l y ,   t h e   c o n t e n t   of   Ni  b e i n g  

n o t   l e s s   t h a n   0 . 0 3 w t % .   I t   i s   t r u e   t h a t   t h e   c o r r o s i o n  

r e s i s t a n c e   c a n   be  i n c r e a s e d   s u b s t a n t i a l l y   by  t h e   a d d i t i o n  

of   Fe  a l o n e .   H o w e v e r ,   by  a d d i n g   Ni  t o g e t h e r   w i t h   F e ,  

25  i t   i s   p o s s i b l e   to   r e m a r k a b l y   r e d u c e   t h e   a m o u n t   of   Fe  t o  

be  a d d e d .   H o w e v e r ,   s i n c e   t h i s   e l e m e n t   h a s   a  t e n d e n c y  

to   i n c r e a s e   t h e   h y d r o g e n   a b s o r p t i o n   r a t e ,   t h e   c o n t e n t  

t h e r e o f   s h o u l d   n o t   e x c e e d   0 . 1 5 w t % .   H igh   c o r r o s i o n  
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1  r e s i s t a n c e   and  low  h y d r o g e n   a b s o r p t i o n   r a t e   a r e   o b t a i n a b l e  

p r e f e r a b l y   when  t h e   Ni  c o n t e n t   r a n g e s   b e t w e e n   0 . 0 5   a n d  

0 . 1 1 w t % .  

The  h y d r o g e n   a b s o r p t i o n   r a t e   c h a r a c t e r i s t i c   i s  

5  s i g n i f i c a n t l y   a f f e c t e d   by  t h e   F e / N i   c o n t e n t   r a t i o .   T h e  

h y d r o g e n   a b s o r p t i o n   r a t e   i s   r e m a r k a b l y   i n c r e a s e d   when  t h e  

r a t i o   h a s   a  v a l u e   l e s s   t h a n   1 . 4 .   On  t h e   o t h e r   h a n d ,   t h e  

e f f e c t   f o r   r e d u c i n g   t h e   h y d r o g e n   a b s o r p t i o n   r a t e   i s  

s a t u r a t e d   when  t h e   r a t i o   i s   i n c r e a s e d   b e y o n d   8.  T h e  

10  F e / N i   c o n t e n t   r a t i o ,   t h e r e f o r e ,   i s   s e l e c t e d   b e t w e e n   1 . 4  

and  8.  P a r t i c u l a r l y ,   h i g h   c o r r o s i o n   r e s i s t a n c e   and   l o w  

h y d r o g e n   a b s o r p t i o n   r a t e ,   as  w e l l   as  s u p e r i o r   c o l d   w o r k -  

a b i l i t y ,   a r e   o b t a i n e d   p r e f e r a b l y   when  t h e   F e / N i   r a t i o  

r a n g e s   b e t w e e n   2  and   4.  The  F e / N i   c o n t e n t   r a t i o   has   a  

15  s i g n i f i c a n c e   p a r t i c u l a r l y   when  t h e   Fe  c o n t e n t   i s   0 . 2 w t %  

or   g r e a t e r ,   and  i s   c l o s e l y   r e l a t e d   to   t h e   Ni  c o n t e n t .  

The  i n t e r m e t a l l i c   c o m p o u n d   c o m p o s e d   of   Sn  a n d  

Ni  i s   i n d i s p e n s a b l e   f o r   t h e   i m p r o v e m e n t   in   t h e   c o r r o s i o n  

r e s i s t a n c e .   T h i s   i n t e r m e t a l l i c   c o m p o u n d   i s   o b t a i n e d   b y  

20  q u e n c h i n g   f r o m   t h e   t e m p e r a t u r e   a t   w h i c h   t h e   a-  p h a s e   a n d  

t h e   3 - p h a s e   c o e x i s t s   a f t e r   t h e   f i n a l   h o t   w o r k i n g   o r   b y  

q u e n c h i n g   f r o m   t h e   3 - p h a s e   t e m p e r a t u r e ,   and  s u p p r e s s e s  

t h e   g r o w t h   of   t h e   F e - N i - Z r   i n t e r m e t a l l i c   c o m p o u n d s  

o c c u r r i n g   i n   an  a n n e a l i n g   s t e p   e f f e c t e d   t h e r e a f t e r   w h i c h  

25  F e - N i - Z r   i n t e r m e t a l l i c   c o m p o u n d s   t e n d s   to   g row  i n   t h e  

s u b s e q u e n t   a n n e a l i n g ,   t h u s   i m p r o v i n g   t h e   c o r r o s i o n  

r e s i s t a n c e   and  t h e   h y d r o g e n   a b s o r p t i o n   r a t e .   P r e f e r a b l y ,  

t h e   S n 2 N i 3   i n t e r m e t a l l i c   c o m p o u n d   h a s   a  p a r t i c l e   s i z e   n o t  
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1  g r e a t e r   t h a n   0 . 2   um.  

A c c o r d i n g   to   a n o t h e r   a s p e c t   of   t h e   p r e s e n t  

i n v e n t i o n ,   t h e r e   i s   p r o v i d e d   a  n u c l e a r   f u e l   a s s e m b l y  

h a v i n g   a  p l u r a l i t y   of   f u e l   r o d s ,   u p p e r   and  l o w e r   t i e -  

5  p l a t e s   w h i c h   h o l d   b o t h   e n d s   of   t h e   f u e l   r o d s ,   s p a c e r s  

f o r   p r o v i d i n g   a  p r e d e t e r m i n e d   p i t c h   of   a r r a y   of   t h e   f u e l  

r o d s   a r r a n g e d   b e t w e e n   t h e   u p p e r   and   l o w e r   t i e - p l a t e s ,   a  

c h a n n e l   box  h a v i n g   a  p o l y g o n a l   t u b u l a r   s h a p e   w h i c h  

r e c e i v e s   t h e   f u e l   r o d ,   u p p e r   t i e - p l a t e ,   l o w e r   t i e - p l a t e  

10  and  t h e   s p a c e r s ,   and  a  h a n d l e   m e a n s   h e l d   on  t h e   u p p e r  

t i e - p l a t e   and  a l l o w i n g   t h e   f u e l   r o d s   to   be  h a n d l e d   o r  

t r a n s p o r t e d   as  a  u n i t ,   w h e r e i n   t h e   f u e l   r o d s   a r e   c o n s t i -  

t u t e d   by  f u e l   c l a d d i n g   t u b e s   made  of   t h e   z i r c o n i u m - b a s e d  

a l l o y   h a v i n g   t h e   a b o v e - d e s c r i b e d   f e a t u r e s   w h i c h   t u b e s  

15  r e c e i v e   n u c l e a r   f u e l   p e l l e t s   t h e r e i n .  

Each   f u e l   c l a d d i n g   t u b e ,   c h a r g e d   w i t h   t h e  

n u c l e a r   f u e l   p e l l e t s ,   i s   c l o s e d   a t   i t s   b o t h   e n d s   b y  

t e r m i n a l   p l u g s   w e l d e d   t h e r e t o   a f t e r   t h e   t u b e   i s   c h a r g e d  

a l s o   w i t h   an  i n e r t   g a s .   The  t e r m i n a l   p l u g s   a l s o   a r e  

20  made  of   a  z i r c o n i u m - b a s e d   a l l o y   p r e p a r e d   i n   a c c o r d a n c e  

w i t h   t h e   i n v e n t i o n .  

P r e f e r a b l y ,   t h e   n u c l e a r   f u e l   c l a d d i n g   - tube  o f  

t h e   i n v e n t i o n   i s   made  of   t h e   z i r c o n i u m - b a s e d   a l l o y   of   t h e  

i n v e n t i o n   by  t h e   s t e p s   of   s u b j e c t i n g   t h e   a l l o y   t o   a  h o t  

25  w o r k i n g ,   q u e n c h i n g   i t   f r o m   t h e   (a  +  3)  p h a s e   t e m p e r a t u r e  

or   3 - p h a s e   t e m p e r a t u r e ,   and  r e p e a t i n g   t h e   a l t e r n a t i n g  

t r e a t m e n t s   of   c o l d   w o r k i n g   and   a n n e a l i n g .   P r e f e r a b l y ,  

t h e   q u e n c h i n g   i s   c o n d u c t e d   f r o m   t h e   (a  +  3)  p h a s e  
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1  t e m p e r a t u r e ,   b e c a u s e   s u c h   q u e n c h i n g   p r o v i d e s   h i g h e r   c o l d  

p l a s t i c   w o r k a b i l i t y   t h a n   t h a t   o b t a i n e d   when   t h e   q u e n c h i n g  

i s   e f f e c t e d   f r o m   t h e   3 - p h a s e   t e m p e r a t u r e .  

The  q u e n c h i n g   f r o m   t h e   (a  +  3)  p h a s e   t e m p e r a -  

5  t u r e   o r   f r o m   t h e   3 - p h a s e   t e m p e r a t u r e   i s   c o n d u c t e d  

p r e f e r a b l y   a f t e r   h o t   p l a s t i c   w o r k i n g   b u t   b e f o r e   t h e  

f i n a l   p l a s t i c   w o r k ,   more   p r e f e r a b l y   b e f o r e   t h e   f i r s t   c o l d  

p l a s t i c   w o r k i n g .  

The  (a  +  3)  p h a s e   t e m p e r a t u r e   of   t h e   z i r c o n i u m  

10  a l l o y   of   t h e   i n v e n t i o n   i s   825  to   9 8 0 ° C ,   w h i l e   t h e   3 - p h a s e  

t e m p e r a t u r e   t h e r e o f   i s   a b o v e   980°C  and  n o t   more   t h a n  

1 1 0 0 ° C .   The  q u e n c h i n g   i s   p r e f e r a b l y   c o n d u c t e d   by  u s e   o f  

c o o l i n g   w a t e r   f l o w i n g   i n   a  c r u d e   t u b e   or   by  a p p l y i n g  

w a t e r   j e t   or   s p r a y .   More  s p e c i f i c a l l y ,   t h e   q u e n c h i n g   i s  

15  c o n d u c t e d   p r e f e r a b l y   b e f o r e   t h e   f i r s t   c o l d   p l a s t i c   w o r k i n g  

by  t h e   s t e p s   of  l o c a l l y   h e a t i n g   t h e   t u b e   and   w a t e r - s p r a y i n g  

t h e   t u b e   p o r t i o n   l o c a l l y   h e a t e d   by  t h e   h i g h   f r e q u e n c y  

i n d u c t i o n   h e a t i n g .  

T h i s   q u e n c h i n g   p r o v i d e s   h i g h   d u c t i l i t y   a t   t h e  

20  i n n e r   s u r f a c e   of   t h e   t u b e   w h i l e   p r o v i d i n g   low  h y d r o g e n  

a b s o r p t i o n   r a t e   and  h i g h   c o r r o s i o n   r e s i s t a n c e   a t   t h e  

o u t e r   s u r f a c e   of   t h e   t u b e .  

More  s p e c i f i c a l l y ,   t h e   (a  +  3)  p h a s e   t e m p e r a t u r e  

f r o m   w h i c h   t h e   q u e n c h i n g   i s   e f f e c t e d   i s   p r e f e r a b l y  

25  s e l e c t e d   f r o m   a  t e m p e r a t u r e   r a n g e   i n   w h i c h   t h e   a - p h a s e  

and  t h e   3 - p h a s e   c o e x i s t   b u t   t h e   3 - p h a s e   p r e d o m i n a n t l y  

e x i s t s .   The  p r o p e r t y   of   a - p h a s e   d o e s   n o t   s u b s t a n t i a l l y  

v a r y   by  q u e n c h i n g   and   e x h i b i t s   low  h a r d n e s s   and  h i g h  
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1  d u c t i l i t y ,   w h e r e a s   t h e   q u e n c h i n g   of   t h e   z e r c o n i u m   a l l o y  

f r o m   t h e   3 - p h a s e   f o r m s   a c i c u l a r   p h a s e   h a v i n g   h i g h   h a r d n e s s  

b u t   r e d u c e s   c o l d   w o r k a b i l i t y .   H o w e v e r ,   t h e   e x i s t e n c e  

of  a - p h a s e   m i x e d   w i t h   t h e   3 - p h a s e   c an   b r i n g   a b o u t   a  h i g h  

5  c o l d   w o r k a b i l i t y   h i g h   c o r r o s i o n   r e s i s t a n c e   and   l o w  

h y d r o g e n   a b s o r p t i o n   r a t e   e v e n   when  t h e   a m o u n t   o f   t h e  

a - p h a s e   i s   s m a l l .  

P r e f e r a b l y ,   t h e   q u e n c h i n g   i s   c o n d u c t e d   a f t e r  

h e a t i n g   t h e   a l l o y   a t   a  t e m p e r a t u r e   a t   w h i c h   t h e   3 - p h a s e  

10  o c c u p i e s   50  to   95%  in   t e r m s   of   a r e a   r a t i o .   The  h e a t i n g  

i s   c o n d u c t e d   in   a  s h o r t   t i m e   w i t h i n   5  m i n u t e s ,   p r e f e r a b l y  

in   1  m i n u t e ,   b e c a u s e   a  l o n g   h e a t i n g   t i m e   u n d e s i r a b l y  

c a u s e s   g r o w t h   of   t h e   c r y s t a l   g r a i n s ,   r e s u l t i n g   i n   a  

r e d u c e d   d u c t i l i t y .  

15  P r e f e r a b l y ,   t h e   a n n e a l i n g   t e m p e r a t u r e   r a n g e s  

b e t w e e n   500  and  700  °C,  more   p r e f e r a b l y   b e t w e e n   550  a n d  

6 4 0 ° C .   A  h i g h   l e v e l   of   c o r r o s i o n   r e s i s t a n c e   i s   o b t a i n e d  

p a r t i c u l a r l y   when  t h e   a n n e a l i n g   i s   e f f e c t e d   a t   a  t e m p e r -  

a t u r e   b e l o w   640  °C.  I t   i s   a l s o   p r e f e r r e d   t h a t   t h e   h e a t i n g  

20  f o r   a n n e a l i n g   i s   c o n d u c t e d   i n   a  h i g h   d e g r e e   of   v a c u u m .  

- 4  
The  d e g r e e   of   t h e   v a c u u m   p r e f e r a b l y   r a n g e s   b e t w e e n   1 0  

and  10~5  t o r r .   The  a n n e a l i n g   i s   p r e f e r a b l y   e f f e c t e d  

s u c h   t h a t   t h e   a n n e a l e d   a l l o y   h a s   no  s u b s t a n t i a l   o x i d e  

f i l m   and   shows   a  c o l o r l e s s   m e t a l l i c   l u s t e r .   The  a n n e a l i n g  

25  p e r i o d   of   t i m e   i s   p r e f e r a b l y   b e t w e e n   1  and   5  h o u r s .  

The  w e l d i n g   c an   be  c o n d u c t e d   by  v a r i o u s   w e l d i n g  

m e t h o d s   s u c h   a s ,   f o r   e x a m p l e ,   TIG  w e l d i n g ,   l a s e r   b e a m  

w e l d i n g   and  e l e c t r o n   beam  w e l d i n g ,   among  w h i c h   T I G  
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1  w e l d i n g   u s e d   p r e f e r a b l y .   I t   i s   a l s o   p r e f e r r e d   t h a t  

b o t h   t h e   t u b u l a r   body   and  t h e   t e r m i n a l   p l u g s   of   t h e  

c l a d d i n g   t u b e   a r e   made  of   t h e   z i r c o n i u m - b a s e d   a l l o y  

h a v i n g   t h e   same  c o m p o s i t i o n ,   and  t h e   i n e r t   g a s   i s   c h a r g e d  

5  a t   a  p r e s s u r e   of   1  to   3  a t m .   The  w e l d e d   p o r t i o n s   a r e  

u s e d   w i t h o u t   r e q u i r i n g   any  a d d i t i o n a l   t r e a t m e n t .  

The  s e l e c t i o n   of   t h e   m a t e r i a l   of   t h e   u n c l e a r  

f u e l   c l a d d i n g   t u b e   r e q u i r e s   c o n s i d e r a t i o n   of   t h e   h y d r o g e n  

a b s o r p t i o n   r a t e   c h a r a c t e r i s t i c ,   m e c h a n i c a l   p r o p e r t y ,  

10  n e u t r o n   a b s o r p t i o n   c h a r a c t e r i s t i c   and   t h e   p r o d u c i b i l i t y   , 

i n   a d d i t i o n   to   t h e   c o r r o s i o n   r e s i s t a n c e .  

( C o r r o s i o n   R e s i s t a n c e )  

The  o x i d e   f i l m   on  t h e   s u r f a c e   of   a  z i r c a l o y  

i s   a  n - t y p e   s e m i c o n d u c t o r   w i t h   e x c e s s   m e t a l -   t y p e   ( o x y g e n  

15  d e f i c i e n c y   t y p e )   ,  t h e   c h e m i c a l   c o m p o s i t i o n   t h e r e o f   b e i n g  

d e v i a t e d   f r o m   t h e   s t o i c h i o m e t r i c   c o m p o s i t i o n   and   b e i n g  

e x p r e s s e d   by  Z r 0 2 _ x -   The  e x c e s s   m e t a l l i c   i o n s   a r e   c o m p e n -  

s a t e d   f o r   by  e q u i v a l e n t   e l e c t r o n s ,   w h i l e   t h e   o x y g e n   d e -  

f i c i e n c y   p o r t i o n   e x i s t s   as  an  a n i o n i c   d e f e c t   w i t h i n   t h e  

20  o x i d e   f i l m .   The  o x y g e n   i o n s   a r e   g r a d u a l l y   d i f f u s e d   i n t o   t h e  

o x i d e   f i l m   w h i l e   r e p l a c i n g   t h e   p o s i t i o n s   t h e r e o f   w i t h   t h e   . 

a n i o n   d e f e c t s   and  f o r m s   new  o x i d e   u p o n   c o m b i n i n g   w i t h  

z i r c o n i u m   a t   an  i n t e r f a c e   d e f i n e d   b e t w e e n   t h e   o x i d e   f i l m  

and  t h e   a l l o y ,   so  t h a t   t h e   c o r r o s i o n   g r a d u a l l y   p e n e t r a t e s  

25  i n t o   t h e   a l l o y .   As  t h i s   o x i d a t i o n   p r o c e e d s   o v e r   t h e  

e n t i r e   s u r f a c e   of   t h e   c l a d d i n g   t u b e ,   a  s t r o n g   a n d  

c h e m i c a l l y   s t a b l e   o x i d e   f i l m   h a v i n g   s o - c a l l e d   " p a s s i v e "  

s t a t e   i s   f o r m e d   on  t h e   t u b e   s u r f a c e ,   and   t h e   r a t e   o f  
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r r o w t h   of   t h e   o x i d e   f i l m   i s   g r a d u a l l y   l o w e r e d   as  t h e   t i m e  

i l a p s e s ,   w h e r e b y   t h e   o x i d e   f i l m   b e c o m e s   to   s e r v e   as  a n  

m t i - c o r r o s i o n   f i l m   w h i c h   r e s i s t s   t h e   t e n d e n c y   of   c o r -  

r o s i o n   of   t h e   c l a d d i n g   t u b e .  

The  Zr  i o n   p o s i t i o n s   i n   t h e   Z r 0 2 _ x   i o n   l a t t i c e  

i r e   r e p l a c e d   by  Fe  and  Ni  w h i c h   a r e   t h e   a l l o y   e l e m e n t s ,  

:hus   f o r m i n g   a n i o n   d e f e c t s .   Fe  and  N i ,   h o w e v e r ,   p r o d u c e s  

m  e f f e c t   to   make  t h e   r a t e   of   g r o w t h   of   t h e   o x i d e   f i l m  

m i f o r m   when  t h e y   a r e   d i s t r i b u t e d   u n i f o r m l y ,   t h u s   e n a b l i n g  

a.  u n i f o r m   p r o t e c t i v e   f i l m   to   be  f o r m e d .  

The  8 - q u e n c h   i n   t h e   p r o d u c t i o n   p r o c e s s   h a s   a n  

a f f e c t   t o   u n i f o r m a l i z e   t h e   d i s t r i b u t i o n   of   t h e   a l l o y  

e l e m e n t s .   Any  h e a t   t r e a t m e n t   in   t h e   a - p h a s e   t e m p e r a t u r e  

s u c h   as  a n n e a l i n g   p r o m o t e s   t h e   p r e c i p i t a t i o n   of   i n t e r -  

m e t a l l i c   c o m p o u n d s   and  c o a r s e n s   t h e   p r e c i p i t a t e d  

i n t e r m e t a l l i c   c o m p o u n d .   The  p r e c i p i t a t i o n   of   t h e   i n t e r -  

m e t a l l i c   c o m p o u n d   in   t u r n   c a u s e s   l a c k   of   a l l o y   e l e m e n t s  

i n   t h e   r e g i o n   w h e r e   t h e   p r e c i p i t a t i o n   has   o c c u r r e d ,  

r e s u l t i n g   i n   a  n o n - u n i f o r m   r a t e   of   g r o w t h   of   t h e   o x i d e  

f i l m .   T h i s   in   t u r n   c a u s e s   a  n o n - u n i f o r m   d i s t r i b u t i o n   o f  

s t r e s s   i n   t h e   o x i d e   f i l m ,   o f t e n   r e s u l t i n g   i n   c r a c k i n g   o f  

t h e   o x i d e   f i l m .   T h u s ,   s i n c e   t h e   z i r c a l o y   i s   d i r e c t l y  

c o n t a c t e d   by  t h e   c o r r o s i v e   a t m o s p h e r e   t h r o u g h   t h e   c r a c k s ,  

l o c a l   c o r r o s i o n   of   t h e   z i r c a l o y ,   i . e . ,   n o d u l a r   c o r r o s i o n ,  

i s   c a u s e d   u n d e s i r a b l y .  

In   o r d e r   to   p r e v e n t   t h e   n o d u l a r   c o r r o s i o n   f r o m  

o c c u r r i n g ,   t h e r e f o r e ,   i t   i s   n e c e s s a r y   t h a t   Fe  and  N i  

a r e   u n i f o r m l y   d i s t r i b u t e d   by  q u e n c h i n g   f r o m   t h e   (a  +  B) 
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1  p h a s e   or   f r o m   t h e   3 - p h a s e   ,  and  t h a t   t h e   c o n t e n t s   of   F e  

and  Ni  a r e   l a r g e   e n o u g h   to   p r e v e n t   s u b s t a n t i a l   r e d u c t i o n  

in   t h e   c o n c e n t r a t i o n   a p t   to   o c c u r   due  to   p r e c i p i t a t i o n .  

In  p a r t i c u l a r ,   Ni  i s   an  e l e m e n t   e s s e n t i a l   f o r   t h e   p r e -  

5  v e n t i o n   of  n o d u l a r   c o r r o s i o n ,   b e c a u s e   i t   t e n d s   to   b e  

d i s p e r s e d   u n i f o r m l y   in   t h e   c r y s t a l   g r a i n s   in   t h e   f o r m   o f  

f i n e   i n t e r m e t a l l i c   c o m p o u n d   p h a s e ,   S n 2 N i . j /   h a v i n g   a  s i z e  

of   0 . 0 1   ym,  as  a  r e s u l t   of   t h e   q u e n c h i n g   m e n t i o n e d   a b o v e .  

H o w e v e r ,   t h e   S ^ N i ^   i n t e r m e t a l l i c   c o m p o u n d   t e n d s  

10  to   be  c h a n g e d   i n t o   Z ^ t N i ' F e )   when  t h e   a l l o y   i s   a n n e a l e d  

f o r   a  l o n g   p e r i o d   of   t i m e   a t   a  h i g h   t e m p e r a t u r e   l e v e l ,  

w i t h   a  r e s u l t   t h a t   t h e   c o r r o s i o n   r e s i s t a n c e   i s   u n d e s i r a b l y  

l o w e r e d   . 

The  a+3  q u e n c h i n g   or   t h e   B  q u e n c h i n g   i s   a  s t e p  

15  i n d i s p e n s a b l e   to   t h e   i n v e n t i o n   w h i c h   s t e p   i s   e f f e c t e d  

a f t e r   t h e   f i n a l   h o t   w o r k i n g .   F u r t h e r ,   in   a  c a s e   w h e r e  

a  h o t   w o r k i n g   i s   e f f e c t e d   a f t e r   t h i s   a+B  or   B  q u e n c h i n g ,  

a  h e a t i n g   t e m p e r a t u r e   of   t h e   h o t   w o r k i n g   be  n o t   more   t h a n  

640°C  and  p r e f e r a b l y   400  to   6 4 0 ° C .  

20  I t   i s ,   t h e r e f o r e ,   n e c e s s a r y   t h a t   t h e   c o n d i t i o n s  

f o r   t h e   h e a t   t r e a t m e n t   i s   d e t e r m i n e d   in   s u c h   a  m a n n e r  

t h a t   t h e   Sn«Ni   i n t e r m e t a l l i c   c o m p o u n d   d o e s   n o t   h a v e   a  

s i z e   g r e a t e r   t h a n   0 . 2   jim. 

( H y d r o g e n   a b s o r p t i o n   r a t e )  

25  S i n c e   h y d r o g e n   m a k e s   t h e   m a t e r i a l   e m b r i t t l e ,  

t h e   h y d r o g e n   a b s o r p t i o n   r a t e   i s   n e c e s s a r y   to   be  s m a l l .  

As  s t a t e d   b e f o r e ,   Ni  has   a  t e n d e n c y   to   i n c r e a s e   t h e  

h y d r o g e n   a b s o r p t i o n   r a t e ,   a l t h o u g h   i t   i s   an  e s s e n t i a l  
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1  e l e m e n t   f o r   i m p r o v i n g   t h e   c o r r o s i o n   r e s i s t a n c e .   T h e  

h y d r o g e n   gas   i s   a  p r o d u c t   of   o x i d a t i o n   or   c o r r o s i o n .  

N a m e l y ,   t h e   s m a l l e r   t h e   d e g r e e   of  o x i d a t i o n ,   t h e   s m a l l e r  

t h e   r a t e   of   g e n e r a t i o n   of   h y d r o g e n   g a s .   In  t h e   o x i d e  

5  f i l m ,   e l e c t r o n s   move  in   t h e   d i r e c t i o n   c o u n t e r   to   t h e  

d i r e c t i o n   of   i n t e r n a l   d i f f u s i o n   of   t h e   o x y g e n   i o n s   s o  

t h a t   t h e   h y d r o g e n   i o n s   a r e   r e d u c e d   by  t h e   e l e c t r o n s   t o  

b e c o m e   h y d r o g e n   g a s .   A  p a r t   of   t h e   h y d r o g e n   gas   i s  

a b s o r b e d   by  t h e   a l l o y   to   f o r m   h y d r i d e s   w h i c h   c a u s e s  

10  h y d r o g e n   e m b r i t t l e m e n t   .  The  p r e s e n c e   of   an  i n t e r m e t a l l i c  

c o m p o u n d   of   Z r 2 ( N i ,   Fe)  t y p e   p r o m o t e s   t h e   c a t h o d e   p o l a r i -  

z a t i o n   r e a c t i o n   to   i n c r e a s e   t h e   h y d r o g e n   a b s o r p t i o n   r a t e .  

H o w e v e r ,   i f   an  i n t e r m e t a l l i c   c o m p o u n d   of   Z r ( C r ,   Fe)  2  o r  

Z rFe2   t y p e   e x i s t s   t o g e t h e r   w i t h   t h e   a b o v e - m e n t i o n e d  

15  i n t e r m e t a l l i c   c o m p o u n d ,   t h e   c a t h o d e   p o l a r i z a t i o n   r e a c t i o n  

i s   s u p p r e s s e d .   I t   i s ,   t h e r e f o r e ,   n e c e s s a r y   to   add   Fe  b y  

an  a m o u n t   n o t   s m a l l e r   t h a n   a  p r e d e t e r m i n e d   a m o u n t   n o t  

s m a l l e r   t h a n   0 . 2 w t % .  

I f   f i n e   p r e c i p i t a t e   of   S n 2 N i 3   i s   f o r m e d   b y  

20  a+3  q u e n c h i n g   or   3  q u e n c h i n g ,   t h e   a m o u n t   of  Z r 2 ( N i * F e )  

p r e c i p i t a t e   i s   r e d u c e d ,   w i t h   t h e   r e s u l t   t h a t   t h e   h y d r o g e n  

a b s o r p t i o n   r a t e   i s   r e d u c e d .   H e a t -   t r e a t m e n t   a n d / o r   h o t  

w o r k i n g   a t   a  t e m p e r a t u r e   700  -  800  °C  w h i c h   i s   e f f e c t e d  

a f t e r   t h e   a+$  or   3  q u e n c h i n g   and   w h i c h   f o r m s   Z r 2 ( N i * F e )  

25  p r e c i p i t a t e   i s   n o t   p r e f e r r e d ,   and   t h e   h e a t - t r e a t m e n t  

a n d / o r   h o t   w o r k i n g   be  e f f e c t e d   a t   a  t e m p e r a t u r e   n o t  

more   t h a n   640  ° C .  
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( N e u t r o n   A b s o r p t i o n   C r o s s   S e c t i o n )  

Fe  and  Ni  h a v e   g r e a t e r   n e u t r o n   a b s o r p t i o n  

s r o s s   s e c t i o n   t h a n   Zr.   E x c e s s i v e   c o n t e n t s   of   Fe  and  N i ,  

t h e r e f o r e ,   a r e   n o t   p r e f e r r e d   f r o m   t h e   v i e w   p o i n t   of  p o w e r  

g e n e r a t i n g   e f f i c i e n c y ,   b e c a u s e   Fe  and  Ni  a b s o r b   t h e r m a l  

n e u t r o n s   w h i c h   c o n t r i b u t e   to   t h e   p o w e r   g e n e r a t i o n .  

In  o r d e r   t o   o b t a i n   a  n e u t r o n   a b s o r p t i o n   c r o s s  

s e c t i o n   e q u i v a l e n t   to   t h a t   of   c o n v e n t i o n a l l y   u s e d   z i r c a l o y ,  

t h e   Ni  and  Fe  c o n t e n t s   a r e   p r e f e r a b l y   s e l e c t e d   to   b e  

n o t   g r e a t e r   t h a n   0 .3wt%  and  n o t   g r e a t e r   t h a n   0 . 0 5 w t % ,  

r e s p e c t i v e l y .   I t   i s   t h u s   n e c e s s a r y   t h a t   t h e   Fe  and  N i  

c o n t e n t s   a r e   s e l e c t e d   to   m e e t   t h e   f o l l o w i n g   c o n d i t i o n s .  

0 . 5 5   x  Ni  c o n t e n t   +  0 . 3   x  Fe  c o n t e n t   <  0 . 1 6 5  

( P r o d u c i b i l i t y   and  M e c h a n i c a l   P r o p e r t y )  

R e d u c t i o n   in   h o t   and  c o l d   w o r k a b i l i t y   c a u s e s  

c r a c k i n g   of   t h e   a l l o y   d u r i n g   w o r k i n g .   The  a d d i t i o n   of   N i  

p e r m i t s   p r e c i p i t a t i o n   of  Z r 2 ( N i ,   Fe)  t y p e   i n t e r m e t a l l i c  

c o m p o u n d .   The  S n ' N i   i n t e r m e t a l l i c   c o m p o u n d ,   w h i c h  

a p p r e c i a b l y   c o n t r i b u t e s   to   t h e   i m p r o v e m e n t   in   t h e   c o r -  

r o s i o n   r e s i s t a n c e ,   i s   n o t   c o a r s e n e d   by  a  h e a t   t r e a t m e n t  

in   t h e   a - p h a s e   t e m p e r a t u r e ,   w h i l e   t h e   Z r 2 ( N i ,   Fe)  t y p e  

i n t e r m e t a l l i c   c o m p o u n d   i s   c o a r s e n e d   by  s u c h   h e a t   t r e a t m e n t  

to  t h e r e b y   r e d u c e   t h e   w o r k a b i l i t y .   In  o r d e r   to   p r e v e n t  

t h i s   i n t e r m e t a l l i c   c o m p o u n d   f r o m   b e i n g   c o a r s e n e d ,   i t   i s  

p r e f e r r e d   to   m a i n t a i n   t h e   Ni  c o n t e n t   to   be  0 .2wt%  or   l e s s  

and   to   make  t h e   s i z e   of   t h i s   c o m p o u n d   f i n e   by  g - q u e n c h  

or   a+8  q u e n c h i n g .  

The  a b o v e   r e q u i r e m e n t s   a p p l y   a l s o   to   t h e  
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1  m e c h a n i c a l   p r o p e r t i e s .   N a m e l y ,   d u c t i l i t y   i s   r e d u c e d   b y  

e x c e s s i v e   a d d i t i o n   of   Ni .   The  r e d u c t i o n   in   d u c t i l i t y   i s  

s e r i o u s   when  3.0%  or   g r e a t e r   of   Sn  i s   a d d e d   in   t h e   a l l o y .  

BRIEF  DESCRIPTION  OF  THE  DRAWINGS 

5  F i g .   1  i s   a  g r a p h   i l l u s t r a t i n g   t h e   i n f l u e n c e  

of   t h e   Fe  and  Ni  c o n t e n t s   i n   a l l o y   w i t h   r e s p e c t   to   t h e  

o c c u r r e n c e   of   n o d u l a r   c o r r o s i o n ;  

F i g .   2  i s   a  g r a p h ,   i l l u s t r a t i n g   t h e   i n f l u e n c e   o f  

Ni  c o n t e n t   on  t h e   c o r r o s i o n   w e i g h t   g a i n ;  

10  F i g .   3  i s   a  g r a p h   i l l u s t r a t i n g   t h e   i n f l u e n c e   o f  

Fe  c o n t e n t   on  h y d r o g e n   a b s o r p t i o n   r a t e ;  

F i g .   4  i s   a  g r a p h   i l l u s t r a t i n g   t h e   i n f l u e n c e   o f  

Ni  c o n t e n t   on  h y d r o g e n   p i c k - u p   f r a c t i o n ;  

F i g .   5  i s   a  g r a p h   i l l u s t r a t i n g   t h e   i n f l u e n c e   o f  

15  F e / N i   r a t i o   on  h y d r o g e n   p i c k - u p   f r a c t i o n ;  

F i g .   6  i s   a  s e c t i o n a l   v i e w   of   a  f u e l   r o d   h a v i n g  

p a r t s   made  of   an  a l l o y   p r e p a r e d   in   a c c o r d a n c e   w i t h   t h e  

p r e s e n t   i n v e n t i o n ;   a n d  

F i g .   7  i s   a  f r a g m e n t a r y   s e c t i o n a l   v i e w   of   a  

20  f u e l   a s s e m b l y .  

DESCRIPTION  OF  THE  PREFERRED  EMBODIMENTS 

I n g o t s   of   a l l o y s   h a v i n g   c o m p o s i t i o n s   shown  i n  

T a b l e   1  in   t e r m s   of  w e i g h t   p e r c e n t s   w e r e   p r e p a r e d   by  v a c u u m  

a r c   m e l t i n g ,   u s i n g   z i r c o n i u m   s p o n g e s   f o r   n u c l e a r   r e a c t o r s  

25  as  a  raw  m a t e r i a l   to   be  m e l t e d .   In  e a c h   c o m p o s i t i o n ,   t h e  

b a l a n c e   i s   s u b s t a n t i a l l y   Z r .  
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T a b l e   1 

0 2 - 2 7 9 - 8 9  

No.  Sn  Fe  Ni  Cr  F e / N i  

1  1 .5   0 . 1 0   -  0 . 1 0  

2  "  0 . 1 5  

3  "  0 . 2 0  

4  "  0 . 2 7  

5  1 .5   0 . 0 9   0 . 0 1   0 . 1 3   9 

6  "  0 . 1 4   "  "  1 4  

7  "  0 . 1 7   "  "  17  

8  "  0 . 2 1   "  "  2 1  

9  "  0 . 2 5   "  "  25  

10  "  0 . 2 7   "  "  27  

11  1 . 5   0 . 1 0   0 . 0 3   0 . 1 1   3 . 3  

12  "  0 . 1 4   "  "  4 . 7  

13  "  0 . 1 7   "  "  6 . 3  

14  "  0 . 2 1   "  "  7 . 0  

15  "  0 . 2 5   "  "  8 . 3  

16  "  0 . 3 0   "  "  1 0  

17  1 . 5   0 . 0 9   0 . 0 5   0 . 0 9   1 . 8  

18  "  0 . 1 3   "  "  2 . 6  

19  1 . 5 *   0 . 1 5   O.OJj  0 . 0 9   3 . 0  

-  to   be  c o n t ' d   -  
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T a b l e   1  -  ( C o n t ' d )  

20  1 . 5   0 . 1 8   0 . 0 5   0 . 0 9   3 . 6  

21  "  0 . 2 2   "  "  4 . 4  

22  "  0 . 2 6   "  "  5 . 2  

23  " 0 . 3 1   "  "  6 . 2  

24  1 . 5   0 . 1 1   0 . 0 7   0 . 1 1   1 . 6  

25  "  0 . 1 4   "  "  2 . 0  

26  "  0 . 1 7   "  "  2 . 4  

27  "  0 . 2 0   "  "  2 . 9  

28  "  0 . 2 3   "  "  3 . 3  

29  "  0 . 2 7   "  "  3 . 9  

30  1 . 5   0 . 0 9   0 . 1 1   0 . 0 9   0 . 8  

31  "  0 . 1 2   "  "  1 . 1  

32  "  0 . 1 6   "  "  1 . 5  

33  "  0 . 2 0   "  "  1 . 8  

34  "  0 . 2 5   "  "  2 . 3  

35  1 . 5   0 . 2 3   0 . 1 6   0 . 1 1   1 . 4  

36  "  0 . 2 2   0 . 2 0   0 . 0 8   1 . 1  

37  "  0 . 2 1   0 . 3 0   0 . 1 2   0 . 7  

38  "  0 . 4 8   0 . 1 6   0 . 1 0   3 . 0  
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1  E a c h   i n g o t   was  h o t -   r o l l e d   a t   7 0 0 ° C ,   a n n e a l e d  

a t   700  °C  f o r   4  h o u r s ,   h e l d   a t   (a  +  6)  p h a s e   t e m p e r a t u r e  

r e g i o n   ( 9 0 0 ° C )   and  8 - p h a s e   t e m p e r a t u r e   r e g i o n   ( 1 0 0 0 ° C )  

f o r   5  m i n u t e s   and  t h e n   w a t e r - q u e n c h e d .   S u b s e q u e n t l y ,   t h e  

5  i n g o t   was  f o r m e d   i n t o   a  s h e e t   of   1  mm  t h i c k ,   t h r o u g h   t h r e e  

r e p e t i t i o n a l   c y c l e s   of   t r e a t m e n t ,   e a c h   c y c l e   i n c l u d i n g  

c o l d   r o l l i n g   ( w o r k i n g   r a t i o   40%)  and  2 - h o u r s   i n t e r m e d i a t e  

a n n e a l i n g   a t   600  °C.  The  s h e e t   was  s u b j e c t e d   t o   2 - h o u r  

a n n e a l i n g   c o n d u c t e d   a t   a - p h a s e   t e m p e r a t u r e   r e g i o n   ( 5 3 0 ,  

L0  620 ,   730°C)   a b o v e   t h e   r e c r y s t a l l i z a t i o n   t e m p e r a t u r e ,   a n d  

t h e   a n n e a l e d   s h e e t   was  s u b j e c t e d   to   a  c o r r o s i o n   t e s t .  

The  c o r r o s i o n   t e s t   was  c o n d u c t e d   in   s t e a m   m a i n t a i n e d   a t  

a  p r e s s u r e   of   1 0 . 3   MPa.  The  t e s t i n g   t e m p e r a t u r e   and  t h e  

t e s t i n g   t i m e   w e r e   s e l e c t e d   in   a c c o r d a n c e   w i t h   t h e   m e t h o d  

15  d i s c l o s e d   i n   J a p a n e s e   U n e x a m i n e d   P a t e n t   P u b l i c a t i o n   N o .  

9 5 2 4 7 / 1 9 8 3   w h i c h   p r o p o s e s   c o n d i t i o n s   f o r   r e p r o d u c i n g   t h e  

n o d u l a r   c o r r o s i o n   in   b o i l i n g   w a t e r   r e a c t o r .  

N a m e l y ,   t h e   t e s t   p i e c e   was  h e l d   in   s t e a m   o f  

410  °C  f o r   8  h o u r s   and  t h e n   t h e   s t e a m   t e m p e r a t u r e   w a s  

20  r a i s e d   to   510  °C  w h i l e   t h e   p r e s s u r e   was  m a i n t a i n e d  

u n c h a n g e d .   The  t e s t   p i e c e   was  h e l d   in   t h e   s t e a m   o f  

510  °C  f o r   16  h o u r s .  

The  h y d r o g e n   a b s o r p t i o n   r a t e   was  e v a l u a t e d   i n  

a c c o r d a n c e   w i t h   t h e   f o l l o w i n g   m e t h o d :  

25  When  t h e   t e s t   p i e c e   was  m a i n t a i n e d   in   t h e   s t e a m ,  

a  r e a c t i o n   t o o k   p l a c e   in   a c c o r d a n c e   w i t h   t h e   f o r m u l a  

d e s c r i b e d   b e l o w ,   g e n e r a t i n g   o x i d e   ZrC^  and  h y d r o g e n  

g a s .  
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Zr  +  2H20  ■*■  Zr02  +  2H2 

1  By  m e a s u r i n g   t h e   i n c r e m e n t   of   w e i g h t   a t t r i b u t a b l e  

to   o x i d a t i o n ,   i t   i s   p o s s i b l e   to   know  t h e   n u m b e r   of  m o l s  

of   w a t e r   w h i c h   h a v e   r e a c t e d   w i t h   t h e   z i r c a l o y   a n d ,   h e n c e ,  

t h e   n u m b e r   of   m o l s   of   h y d r o g e n   g e n e r a t e d   t h r o u g h   t h e  

5  o x i d a t i o n   r e a c t i o n .   In  t h e   t e s t ,   t h e   a m o u n t   of   h y d r o g e n  

c o n t a i n e d   i n   t h e   t e s t   p i e c e   a f t e r   t h e   c o r r o s i o n   t e s t   w a s  

m e a s u r e d   t h r o u g h   c h e m i c a l   a n a l y s i s   and  t h e   n u m b e r   of   m o l s  

of   h y d r o g e n   a b s o r b e d   was  c a l c u l a t e d   on  t h e   b a s i s   of   t h e  

m e a s u r e d   a m o u n t   of   h y d r o g e n .   T h e n ,   t h e   h y d r o g e n   p i c k - u p  

10  f r a c t i o n   was  d e t e r m i n e d   as  t h e   r a t i o   of   t h e   a m o u n t   o f  

h y d r o g e n   a b s o r b e d   to   t h e   a m o u n t   of  h y d r o g e n   g e n e r a t e d .  

F i g .   1  shows   t h e   i n f l u e n c e   of   t h e   Fe  and  N i  

c o n t e n t s   (wt%)  on  t h e   g e n e r a t i o n   of   n o d u l a r   c o r r o s i o n .  

Marks   O   r e p r e s e n t   t h a t   n o d u l a r   c o r r o s i o n   was  n o t   o b s e r v e d  

15  on  t h e   m a j o r   s u r f a c e s   n o r   on  t h e   s i d e   and  end  s u r f a c e s  

of  t h e   t e s t   p i e c e ,   w h i l e   t h e   w e i g h t   i n c r e m e n t   due   t o  

2 
n o d u l a r   c o r r o s i o n   i s   n o t   g r e a t e r   t h a n   45  mg/dm  ,  r e g a r d -  

l e s s   of   t h e   t e m p e r a t u r e   of   t h e   f i n a l   a n n e a l i n g .   On  t h e  

o t h e r   h a n d ,   m a r k s   X  r e p r e s e n t   t h a t   t e s t   p i e c e   s h o w e d   a  

20  n o d u l a r   c o r r o s i o n   i n   i t s   m a j o r   s u r f a c e s   or   end   or   s i d e  

s u r f a c e s   w i t h   c o r r o s i o n   w e i g h t   i n c r e m e n t   e x c e e d i n g   50  

m g / d m 2 .   From  F i g .   1,  i t   w i l l   be  s e e n   t h a t   t h e   n o d u l a r  

c o r r o s i o n   c an   be  p r e v e n t e d   when  t h e   a l l o y   c o m p o s i t i o n   h a s  

h i g h   Ni  and   Fe  c o n t e n t s   e x i s t i n g   i n   t h e   u p p e r   s i d e   of   a  

25  b r o k e n - l i n e   c u r v e   w h i c h   r e p r e s e n t s   a  c o m p o s i t i o n   e x p r e s s e d  

by  0 . 1 5 F e   +  0 . 2 5 N i   =  0 . 0 3 7 5 .  
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1  F i g .   2  i s   a  d i a g r a m   i l l u s t r a t i n g   t h e   i n f l u e n c e  

of   Fe  and  Ni  c o n t e n t s   on  t h e   w e i g h t   i n c r e m e n t   due  t o  

c o r r o s i o n .   As  w i l l   be  s e e n   f r o m   t h i s   F i g u r e ,   t h e   c o r r o s i o n  

in   t h e   w a t e r   of   h i g h   t e m p e r a t u r e   and  p r e s s u r e   can   b e  

5  r e m a r k a b l y   s u p p r e s s e d   by  i n c r e m e n t   of   Fe  and   Ni  c o n t e n t s .  

In  p a r t i c u l a r ,   a d d i t i o n   of   Ni  i s   e f f e c t i v e ,   and  t h e  

w e i g h t   i n c r e m e n t   due   to   c o r r o s i o n   i s   d r a s t i c a l l y   d e c r e a s e d  

e v e n   by  a d d i t i o n   of  a  t r a c e   a m o u n t   of   N i .   I t   was  c o n -  

f i r m e d   t h a t   t h e   w e i g h t   i n c r e m e n t   due   to   c o r r o s i o n   w a s  

2 10  m a i n t a i n e d   b e l o w   45  mg/dm  and  no  n o d u l a r   c o r r o s i o n   w a s  

o b s e r v e d   when  Ni  was  a d d e d   by  0 . 0 3 w t %   in   t h e   p r e s e n c e   o f  

a b o u t   0 .2wt%  of   F e .  

F i g .   3  s h o w s   t h e   i n f l u e n c e   of   Fe  c o n t e n t   o n  

t h e   h y d r o g e n   p i c k - u p   f r a c t i o n .   Marks   A  show  t h e   r a t e s   o f  

15  h y d r o g e n   p i c k - u p   f r a c t i o n   e x h i b i t e d   by  an  a l l o y   c o n t a i n i n g  

0 . 1 1 w t %   of   N i ,   w h i l e   m a r k s   O  show  t h o s e   e x h i b i t e d   b y  

an  a l l o y   c o n t a i n i n g   0 . 0 5 w t %   of   N i .   The  b r o k e n   l i n e   c u r v e s  

show  t h e   h y d r o g e n   p i c k - u p   f r a c t i o n   as  o b s e r v e d   when  t h e  

(a  +  8)  q u e n c h   or   t h e   8 - q u e n c h   was  o m i t t e d ,   w h i l e   t h e  

20  s o l i d - l i n e   c u r v e s   show  t h e   r e s u l t   as  o b s e r v e d   when  t h e  

s t e p   of   (a  +  6)  q u e n c h   was  t a k e n .   From  t h i s   F i g u r e ,   i t  

w i l l   be  s e e n   t h a t   t h e   h y d r o g e n   p i c k - u p   f r a c t i o n   c an   b e  

r e d u c e d   to   a  l e v e l   b e l o w   11%  by  t h e   a d o p t i o n   of   t h e  

(a  +  8)  q u e n c h .  

25  F i g .   4  s h o w s   t h e   i n f l u e n c e   of   Ni  c o n t e n t   o n  

t h e   h y d r o g e n   a b s o r p t i o n   r a t e ,   when  t h e   Fe  c o n t e n t   r a n g e s  

b e t w e e n   0 . 2 0   and  0 . 2 4 w t % .   I t   w i l l   be  s e e n   t h a t   t h e  

h y d r o g e n   a b s o r p t i o n   r a t e   i s   as  s m a l l   as  11%  o r   l e s s ,  
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1  when  t h e   Ni  c o n t e n t   d o e s   n o t   e x c e e d   0 . 1 6 w t % ,   b u t   i s  

d r a s t i c a l l y   i n c r e a s e d   and   b e c o m e s   40%  when  t h e   Ni  c o n t e n t  

i s   i n c r e a s e d   b e y o n d   0 . 2 w t % .   T h e r e f o r e ,   t h e   Ni  c o n t e n t   i s  

p r e f e r a b l y   s e l e c t e d   to   be  0  .  16wt%  or   l e s s   . 

5  F i g .   5  shows   how  t h e   h y d r o g e n   a b s o r p t i o n   r a t e  

i s   i n f l u e n c e d   by  F e / N i   c o n t e n t   r a t i o .   As  m a r k e d   by  O  

and  A,  t h e   h y d r o g e n   a b s o r p t i o n   r a t e   i s   n o t   c h a n g e d   s i g -  

n i f i c a n t l y   when  t h e   Fe  c o n t e n t   d o e s   n o t   e x c e e d   0 . 2 0 w t % .  

H o w e v e r ,   when  t h e   Fe  c o n t e n t   e x c e e d s   0 . 2 0 w t % ,   t h e   h y d r o g e n  

10  a b s o r p t i o n   r a t e   i s   d r a s t i c a l l y   l o w e r e d   by  s e l e c t i n g   t h e  

F e / N i   r a t i o   to   be  1 .4   or   g r e a t e r .   The  i n v e n t o r s   h a v e  

f o u n d   t h a t ,   s i n c e   Fe  and  Ni  e x h i b i t   c o n t r a r y   e f f e c t s  

i n   so  f a r   as  t h e   h y d r o g e n   a b s o r p t i o n   r a t e   i s   c o n c e r n e d  

as  s t a t e d   b e f o r e ,   t h e   F e / N i   c o n t e n t   r a t i o   h a s   a  g r e a t  

15  s i g n i f i c a n c e   i n   t h e   r e d u c t i o n   of   t h e   h y d r o g e n   a b s o r p t i o n  

r a t e .   A l t h o u g h   t h e   F e / N i   c o n t e n t   r a t i o   d o e s   n o t   h a v e   a n y  

s u b s t a n t i a l   i n f l u e n c e   t h e r e o n   when  t h e   Fe  c o n t e n t   i s   l e s s  

t h a n   0 .2wt%  and   when   t h e   Ni  c o n t e n t   i s   more   t h a n   0 . 2 w t % ,  

t h e   Fe  and  Ni  b e c o m e   h a v i n g   an  i n t i m a t e   c o r r e l a t i o n   w i t h  

20  e a c h   o t h e r   r e g a r d i n g   t h e   i m p r o v e m e n t   of   h y d r o g e n   a b -  

s o r p t i o n   r a t e   when  t h e   c o n t e n t s   of   Fe  and  Ni  a r e   n o t  

l e s s   t h a n   0 .2wt%  and  n o t   more   t h a n   0 . 2 w t % ,   r e s p e c t i v e l y .  

The  a l l o y   of  t h e   s a m p l e   No.  38  was  p r e p a r e d  

by  i n c r e a s i n g   t h e   Fe  c o n t e n t   t o   0 . 4 8 w t % .   T h i s   a l l o y  

2 25  s h o w e d   c o r r o s i o n   w e i g h t   i n c r e m e n t   of   43  mg/dm  a n d  

h y d r o g e n   a b s o r p t i o n   r a t e   of   12%.  T h i s   m e a n s   t h a t ,   f r o m  

t h e   v i e w   p o i n t   of   c o r r o s i o n   r e s i s t a n c e   and  h y d r o g e n  

a b s o r p t i o n   r a t e ,   t h e   Fe  c o n t e n t   may  be  i n c r e a s e d   t o  
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1  a  l e v e l   a b o v e   0 .2wt%  up  to   a b o u t   0 . 5 w t % ,   when  t h e   N i  

c o n t e n t   i s   b e l o w   0 . 1 6 w t % .  

H o w e v e r 7   as  w i l l   be  e x p l a i n e d   l a t e r ,   t h e   c o l d  

p l a s t i c   w o r k a b i l i t y   i s   s e r i o u s l y   r e d u c e d   when  t h e   sum  o f  

5  t h e   c o n t e n t s   of   Ni  and   Fe  b e c o m e s   0 . 6 4 w t % ,   so  t h a t   i t   i s  

n o t   r e c o m m e n d e d   to   i n c r e a s e   t h e   Ni  and  Fe  c o n t e n t s  

u n l i m i t e d l y   p a r t i c u l a r l y   when  t h e   m a t e r i a l   i s   i n t e n d e d  

f o r   u s e   in   a  t h i n - w a l l e d   s t r u c t u r e   w h i c h   i s   p r o d u c e d   b y  

a  c o l d   p l a s t i c   w o r k i n g .   The  sum  of   Fe  and   Ni  c o n t e n t s  

10  s h o u l d   be  0 . 4 0   o r   l e s s .  

The  a l l o y   of   t h e   s a m p l e   No.  34,   f o r m e d   t h r o u g h  

q u e n c h i n g   f r o m   (a  +  3)  p h a s e   t e m p e r a t u r e ,   was  o b s e r v e d  

by  a  t r a n s m i s s i o n   e l e c t r o n   m i c r o s c o p e   to   s e a r c h   p r e -  

c i p i t a t e s .   I t   was  c o n f i r m e d   t h a t   an  i n t e r m e t a l l i c  

15  c o m p o u n d   of   S n 2 N i 3   was  u n i f o r m l y   d i s p e r s e d   in   z i r c o n i u m  

c r y s t a l   g r a i n   of   a - p h a s e .   The  p r e c i p i t a t e   was  S ^ N i ^   a n d  

was  u l t r a - f i n e   in   a  d e g r e e   of  a b o u t   10  nm  in   p a r t i c l e  

s i z e .   The  same  m i c r o s c o p i c   o b s e r v a t i o n   was  c o n d u c t e d   o n  

a  t e s t   p i e c e   f o r m e d   f r o m   a  m a t e r i a l   of   t h e   same  c o m p o -  

20  s i t i o n   as  t h e   s a m p l e   No.  34  b u t   w i t h o u t   t h e   q u e n c h   f r o m  

(a  +  3)  p h a s e   t e m p e r a t u r e .   T h i s   t e s t   p i e c e ,   h o w e v e r ,  

s h o w e d   no  p r e c i p i t a t e .   I t   was  c o n f i r m e d   a l s o   t h a t   t h e  

t e s t   p i e c e   of   t h e   same  m a t e r i a l   q u e n c h e d   f r o m   (a  +  8) 

p h a s e   t e m p e r a t u r e   d o e s   n o t   h a v e   any   Sn  and  Ni  p r e c i p i t a t e ,  

25  a f t e r   a  h o t   p l a s t i c   w o r k i n g   e f f e c t e d   a f t e r   t h e   q u e n c h i n g .  

E m b o d i m e n t   2 

T h i s   e m b o d i m e n t   r e l a t e s   to   a  p r o c e s s   f o r  

p r o d u c i n g   a  u n c l e a r   f u e l   c l a d d i n g   t u b e   f o r   u s e   i n   a  
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L  n u c l e a r   r e a c t o r .   I n g o t s   w e r e   p r e p a r e d   by  t h e   a r c - m e l t i n g  

of  f i v e   t y p e s   of  a l l o y   m a t e r i a l s   h a v i n g   d i f f e r e n t   a l l o y  

c o m p o s i t i o n s   shown  in   T a b l e   2 .  

T a b l e   2 

A l l o y   E l e m e n t s  
No  .  1  1  1  1  Z r  

Sn  Fe  Ni  Cr  F e / N i  

1  1 . 5 2   0 . 2 5   0 . 0 1   0 . 1 0   25  b a l .  

2  1 . 5 1   0 . 2 4   0 . 0 3   0 . 0 9   8 

3  1 . 4 6   0 . 2 3   0 . 0 8   0 . 1 3   2 . 9  

4  1 . 5 6   0 . 2 3   0 . 1 5   0 . 1 1   1 . 5  

5  1 .58 '   0 . 2 1   0 . 2 0   0 . 1 0   1 . 0  

A f t e r   v a c u u m   a r c   m e l t i n g   c o n d u c t e d   t w i c e ,   e a c h  

i n g o t   was  f o r g e d   a t   1050  °C  a n d ,   a f t e r   b e i n g   c o o l e d   t o  

room  t e m p e r a t u r e .   The  i n g o t   was  t h e n   s u b j e c t e d   to   a  

s o l i d   s o l u t i o n   t r e a t m e n t   w h i c h   c o m p r i s e s   t h e   s t e p s   o f  

r e h e a t i n g   t h e   i n g o t   up  to   1000  °C,  h o l d i n g   t h e   i n g o t   a t  

t h i s   t e m p e r a t u r e   f o r   1  h o u r   and  c o o l i n g   t h e   same  i n   w a t e r  

A f t e r   t h i s   s o l i d   s o l u t i o n   t r e a t m e n t ,   t h e   i n g o t   was  f o r g e d  

a t   700  °C,  c o o l e d   and  r e h e a t e d   up  to   700°C  and   a n n e a l e d  

f o r   1  h o u r   a t   t h i s   t e m p e r a t u r e .   T h e n ,   t h e   s u r f a c e   o f  

t h e   i n g o t   was  g r o u n d   and   c o a t e d   w i t h   Cu,  and   t h e   i n g o t  

was  h o t - e x t r u d e d   a t   650  °C  and  t h e r e a f t e r   t h e   Cu  c o a t i n g  

was  r e m o v e d ,   w h e r e b y   a  t u b u l a r   m a t e r i a l   known  as  a  t u b e  
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1  s h e l l   was  f o r m e d .   The  t u b e   s h e l l   t h u s   f o r m e d   had   a n  

o u t s i d e   d i a m e t e r   of   6 3 . 5   mm  and  w a l l   t h i c k n e s s   of   1 0 . 9   mm. 

The  t u b e   s h e l l   was  made  to   p a s s   t h r o u g h   a  h i g h - f r e q u e n c y  

i n d u c t i o n   c o i l   so  as  to   be  h e a t e d   and  was  q u e n c h e d   b y  

5  w a t e r   s p r a y e d   f r o m   a  w a t e r   s p r a y   n o z z l e   w h i c h   was  d i s p o s e d  

on  t h e   d o w n s t r e a m   s i d e   of   t h e   p a t h   of   t h e   c r u d e   t u b e  

i m m e d i a t e l y   r e a r w a r d   of   t h e   h i g h - f r e q u e n c y   i n d u c t i o n  

h e a t i n g   c o i l .   The  maximum  h e a t i n g   t e m p e r a t u r e   was  9 1 0 ° C  

a t   w h i c h   t h e   a l l o y   h a s   (a  +  B)  p h a s e .   The  c r u d e   t u b e   w a s  

10  h e l d   a t   t e m p e r a t u r e s   a b o v e   860°C  f o r   10  s e c o n d s .   T h e  

c o o l i n g   r a t e   f r o m   910°C  down  to   500°C  was  a b o u t   1 0 0 ° C  

p e r   s e c o n d .   The  h i g h - f r e q u e n c y   q u e n c h e d   t u b e   s h e l l   w a s  

t h e n   f o r m e d   i n t o   t h e   f i n a l   s i z e   of   t h e   f u e l   c l a d d i n g   t u b e  

of   1 2 . 3   mm  in   o u t s i d e   d i a m e t e r   and  0 . 8 6   mm  in   w a l l  

15  t h i c k n e s s ,   t h r o u g h   t h r e e   r e p e t i t i o n a l   c y c l e s   of   t r e a t m e n t ,  

e a c h   c y c l e   h a v i n g   t h e   s t e p s   of   r o l l i n g   by  a  P i l g e r   m i l l  

and  i n t e r m e d i a t e   a n n e a l i n g .  

The  i n t e r m e d i a t e   a n n e a l i n g   in   e a c h   t r e a t i n g  

c y c l e   was  c o n d u c t e d   i n   v a c u u m   of   10~5  t o r r .   In  t h e  

20  s u c c e s s i v e   t r e a t i n g   c y c l e s ,   t h e   i n t e r m e d i a t e   a n n e a l i n g  

t e m p e r a t u r e   was  v a r i e d :   n a m e l y   600  °C  in   t h e   f i r s t  

t r e a t i n g   c y c l e ,   650°C  in   t h e   s e c o n d   t r e a t i n g   c y c l e   a n d  

577  °C  i n   t h e   f i n a l   t r e a t i n g   c y c l e .   The  r o l l i n g   o p e r a t i o n s  

in   t h e   f i r s t ,   s e c o n d   and  t h e   t h i r d   t r e a t i n g   c y c l e s   w e r e  

25  c o n d u c t e d   t o   e f f e c t   r e d u c t i o n s   of   a r e a s   of   77%,  77%  a n d  

70%,  r e s p e c t i v e l y .   The  a l l o y   of  t h e   s a m p l e   No.  5  s h o w n  

in   T a b l e   2  e x h i b i t e d   m i c r o c r a c k s   d u r i n g   t h e   r e p e t i t i o n a l  

t h r e e   t r e a t i n g   c y c l e s ,   more   s p e c i f i c a l l y   d u r i n g   t h e  
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1  s e c o n d   c o l d   r o l l i n g /   so  t h a t   s u b s e q u e n t   w o r k i n g s   w e r e  

n o t   e f f e c t e d   on  t h i s   s a m p l e .   T h i s   s u g g e s t s   t h a t   t h e   c o l d  

w o r k a b i l i t y   i s   u n d e s i r a b l y   l o w e r e d   when  Ni  i s   a d d e d   b y  

a m o u n t   in   e x c e s s   of   0 . 2 w t % .   I m m e d i a t e l y   a f t e r   t h e  

5  a n n e a l i n g ,   e a c h   s a m p l e   of   t h e   t u b e   s h e l l   had   no  o x i d e  

f i l m   t h e r e o n   and  s h o w e d   c o l o r l e s s   m e t a l l i c   l u s t e r .  

The  f u e l   c l a d d i n g   t u b e s   t h u s   f o r m e d   w e r e  

s u b j e c t e d   to   a  t e n s i l e   t e s t   c o n d u c t e d   a t   room  t e m p e r a t u r e  

and  3 4 3 ° C ,   as  w e l l   as  to   a  c o r r o s i o n   t e s t ,   t h e   r e s u l t   o f  

10  w h i c h   i s   shown  i n   T a b l e   3 .  

T a b l e   3 

T e n s i l e   T e s t   a t   T e n s i l e   T e s t   a t   C o r r o s i o n  
Room  Temp.  (25°C)   H igh   Temp.  (343°C)  W e i g h t   R e m a r k s  

Na  1  1  I n c r e m e n t  
T e n s i l e   E l o n -   T e n s i l e   E l o n -   2 
S t r e n g t h   g a t i o n   S t r e n g t h   g a t i o n   (mg/dm  ) 
(kg/mm2)  (%)  (kg/mm2)  (%) 

1  5 8 . 2   3 4 . 2   2 8 . 2   4 5 . 3   112  L o w - N i  
A l l o y  

2  5 8 . 5   3 4 . 5   2 8 . 9   4 5 . 3   38  The°Y  
^  

I n v e n t i o n  

3  5 9 . 1   3 5 . 1   3 0 . 1   4 4 . 8   3 3  

4  5 9 . 0   3 4 . 3   2 9 . 9   4 4 . 3   3 3  

The  t e n s i l e   s t r e n g t h   c h a r a c t e r i s t i c s   of   t h e  

t u b e   s h e l l   w e r e   s u b s t a n t i a l l y   in   t h e   same  d e g r e e   r e g a r d -  

l e s s   of   t h e   a l l o y   c o m p o s i t i o n s .   I t   w i l l   be  u n d e r s t o o d  
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1  a l s o   t h a t   t h e   c o r r o s i o n   r e s i s t a n c e   i s   i n s u f f i c i e n t   w h e n  

t h e   Ni  c o n t e n t   i s   0 . 0 1 w t %   or   l e s s ,   and  t h a t ,   in   o r d e r   t o  

o b t a i n   a c c e p t a b l e   l e v e l   of   c o r r o s i o n   r e s i s t a n c e ,   t h e   N i  

c o n t e n t   s h o u l d   be  0 . 0 3 w t %   or   g r e a t e r .   The  c l a d d i n g   t u b e s  

5  o f   s a m p l e   Nos .   2  to   4,  w h i c h   s h o w e d   s u p e r i o r   c o r r o s i o n  

r e s i s t a n c e ,   had   S ^ N i ^   i n t e r m e t a l l i c   c o m p o u n d   p h a s e   t h e  

p a r t i c l e   s i z e   of   w h i c h   was  a b o u t   0 . 0 1   ym  and  t h e   i n t e r -  

m e t a l l i c   c o m p o u n d   was  u n i f o r m l y   d i s p e r s e d   in   r e c r y s t a l l i z e d  

Zr  c r y s t a l   g r a i n s   of   a - p h a s e .  

10  E m b o d i m e n t   3 

F u e l   r o d s   as  shown  in   F i g .   6  w e r e   p r o d u c e d   b y  

u s i n g   t h e   c l a d d i n g   t u b e s   of   t h e   s a m p l e   No.  4  in   E m b o d i m e n t  

2,  w i t h   t e r m i n a l   p l u g s   b e i n g   made  of   t h e   same  a l l o y   as  t h e  

c l a d d i n g   t u b e .   The  f u e l   r o d   t h u s   p r o d u c e d   was  c o n s t i -  

15  t u t e d   by  t h e   c l a d d i n g   t u b e   1,  l i n e r   2,  u p p e r   t e r m i n a l  

p l u g   3,  n u c l e a r   f u e l   p e l l e t s   4,  e . g .   ,  U02,  p l e n u m   s p r i n g   5 ,  

w e l d z o n e   6  and  t h e   l o w e r   t e r m i n a l   p l u g   7 .  

The  t e r m i n a l   p l u g s   w e r e   f o r g e d   a t   t h e   g - p h a s e  

t e m p e r a t u r e   r e g i o n ,   f o l l o w e d   by  a n n e a l i n g ,   and  w e r e  

20  w e l d e d   to   t h e   c l a d d i n g   t u b e   1  by  TIG  w e l d i n g .   The  l i n e r  

2  was  i n s e r t e d   i n   t h e   t u b e   s h e l l   of   t h e   Zr  a l l o y   p r i o r  

to   h o t   e x t r u s i o n ,   and  t h e   l i n e r   t u b e   and  t u b e   s h e l l   w e r e  

b o n d e d   e a c h   o t h e r   by  t h e   h o t   e x t r u s i o n .   A f t e r   t h e   h o t  

e x t r u s i o n ,   t h e   e x t r u d e d   c o m p o s i t e   t u b e   was  l o c a l l y   h e a t e d  

25  f r o m   t h e   o u t e r   p e r i p h e r y   by  h i g h   f r e q u e n c y   i n d u c t i o n  

h e a t i n g   m e a n s   w h i l e   w a t e r   f l o w e d   in   t h e   t u b e .   I m m e d i a t e l y  

a f t e r   t h e   l o c a l   h e a t i n g ,   t h e   h e a t e d   o u t e r   p e r i p h e r y   o f  

t h e   c o m p o s i t e   t u b e   was  c o o l e d   by  w a t e r   s p r a y i n g   a n d  
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1  was  q u e n c h e d .   T h e r e a f t e r ,   b o t h   c o l d   p l a s t i c   w o r k i n g  

and  a n n e a l i n g   w e r e   e f f e c t e d   t h r e e   t i m e s .   The  r e s u l t a n t  

c r u d e   c o m p o s i t e   t u b e   was  r o l l e d   i n t o   t h e   f i n a l   t h i c k n e s s  

by  s u b j e c t i n g   t h e   t u b e   to   t h e   same  r e p e t i t i o n a l   t r e a t m e n t  

5  c o m p r i s i n g   a l t e r n a t i n g   c o l d   p l a s t i c   w o r k i n g   and   a n n e a l i n g  

as  in   t h e   p r o c e s s   of   p r o d u c i n g   t h e   f u e l   c l a d d i n g   t u b e  

d e s c r i b e d   i n   t h e   E m b o d i m e n t   2 .  

A  p l u r a l i t y   of   f u e l   r o d s   t h u s   f o r m e d   w e r e  

a s s e m b l e d   i n t o   a  f u e l   a s s e m b l y   as  shown  i n   F i g .   7,  w h i c h  

10  was  t h e n   l o a d e d   i n   t h e   c o r e   of   a  n u c l e a r   r e a c t o r .   T h e  

f u e l   a s s e m b l y   10  was  c o n s t i t u t e d   m a i n l y   by  a  c h a n n e l   b o x  

11,  f u e l   r o d s   14,   h a n d l e   12,  u p p e r   end  p l a t e   15  and  a  

l o w e r   end  p l a t e   ( n o t   shown)   . 

A c c o r d i n g   to   t h e   p r e s e n t   i n v e n t i o n ,   i t   i s  

15  p o s s i b l e   to   o b t a i n   f u e l   c l a d d i n g   t u b e s   and   o t h e r   m e m b e r s  

w h i c h   e x h i b i t   s u p e r i o r   c o r r o s i o n   r e s i s t a n c e   and  r e d u c e d  

h y d r o g e n   a b s o r p t i o n   r a t e .   In   c o n s e q u e n c e ,   t h e   r e l i a b i l i t y  

of  t h e s e   m e m b e r s   a r e   i m p r o v e d   to   r e m a r k a b l y   e x t e n d   " t h e i r  

s e r v i c e   l i f e   when  u s e d   in   n u c l e a r   r e a c t o r s ,   w h i l e   a c h i e v i n g  

20  a  h i g h   d e g r e e   of   b u r n - u p   r e g a r d i n g   a  n u c l e a r   f u e l .  

E m b o d i m e n t   4 

The  z i r c o n i u m - b a s e d   No.  4  a l l o y   of  E m b o d i m e n t  

2  was  u s e d   f o r   a  f u e l   c l a d d i n g   p i p e   f o r   a  b o i l i n g -  

w a t e r   r e a c t o r   in   a c c o r d a n c e   w i t h   t h e   p r o d u c t i o n   s t e p s  

25  i l l u s t r a t e d   in   T a b l e   4 .  

The  p r o d u c t i o n   s t e p s   as  f a r   as  t h e   s o l i d  

s o l u t i o n   t r e a t m e n t   w e r e   t h e   same  as  t h o s e   of   t h e   c o n -  
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1  v e n t i o n a l   p r o c e s s .   A f t e r   t h e   s o l i d   s o l u t i o n   t r e a t m e n t ,  

t h e   p i p e   was  h e a t e d   to   600  °C  and  was  t h e n   s u b j e c t e d   t o  

a-   f o r g i n g .   A f t e r   h e a t e d   to   6 0 0 ° C ,   t h e   p i p e   was  h o t -  

e x t r u d e d   and   t h e r e a f t e r   t h e   v a c u u m   a n n e a l i n g   a t   600  °C 

5  and  t h e   r o l l i n g   a t   room  t e m p e r a t u r e   w e r e   r e p e a t e d   t h r e e  

t i m e s .   R e c r y s t a l l i z a t i o n   a n n e a l i n g   ( a t   a b o u t   580  °C)  w a s  

c a r r i e d   o u t   as  t h e   f i n a l   a n n e a l i n g .   G e n e r a l l y ,   t h e   m e t a l  

t e m p e r a t u r e   r i s e s   d u r i n g   f o r g i n g   and  e x t r u s i o n ,   b u t   t h e  

a b o v e - m e n t i o n e d   a - f o r g i n g   and  h o t   e x t r u s i o n   t e m p e r a t u r e s  

10  of   600  °C  w e r e   c o n t r o l l e d   so  t h a t   t h e   t e m p e r a t u r e   d i d  

n o t   e x c e e d   640°C  e v e n   i f   t h e   t e m p e r a t u r e   d i d   r i s e   d u e  

to   t h e   f o r g i n g   and  e x t r u s i o n .  

As  a  r e s u l t   of   a  c o r r o s i o n   t e s t   p e r f o r m e d   i n  

t h e   same  way  as  in   t h e   a f o r e m e n t i o n e d   e x a m p l e s ,   t h e   p i p e  

15  was  f o u n d   to   h a v e   an  e x c e l l e n t   c o r r o s i o n   r e s i s t a n c e  

s u b s t a n t i a l l y   c o m p a r a b l e   to   t h e   c o r r o s i o n   r e s i s t a n c e   o f  

t h e   a l l o y   of   t h e   p r e s e n t   i n v e n t i o n   of   E x a m p l e   3.  T h e  

o t h e r   p r o p e r t i e s   w e r e   a l s o   s u b s t a n t i a l l y   t h e   same  a s  

t h o s e   of   t h e   p i p e   o f   t h e   a l l o y   of   t h e   p r e s e n t   i n v e n t i o n  

20  of   E x a m p l e   3 .  
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T a b l e   4 

S t e p   s.  T e m p e r a t u r e  
No.  s t e p   c o n d i t i o n  

(1)  M e l t i n g   (Arc  m e l t i n g )  

(2)  B - f o r g i n g   1 , 0 0 0 ° C  

(3)  S o l i d   s o l u t i o n   1 , 0 2 0   -  1 , 0 5 0 ° C  
t r e a t m e n t  

(4)  a - f o r g i n g   6 0 0 ° C  

(5)  M a c h i n i n g   Room  t e m p e r a t u r e  

(6)  Hot   e x t r u s i o n   6 0 0 ° C  

(7)  A n n e a l i n g   6 0 0 ° C  

(8)  R o l l i n g   ( 1 s t )   Room  t e m p e r a t u r e  

(9)  A n n e a l i n g   600  °C 

(10)  R o l l i n g   (2nd)  Room  t e m p e r a t u r e  

(11)  A n n e a l i n g   6 0 0 ° C  

(12)  R o l l i n g   ( 3 r d )   Room  t e m p e r a t u r e  

(13)  F i n a l   a n n e a l i n g   580  °C  
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CLAIMS  : 

1.  A  z i r c o n i u m - b a s e d   a l l o y   w i t h   a  h i g h   c o r r o s i o n  

r e s i s t a n c e ,   c o n s i s t i n g   e s s e n t i a l l y   of   1  to   2wt%  Sn,   0 . 2 0  

to   0 . 3 5 w t %   Fe ,   0 . 0 3   to   0 . l 6 w t %   N i ,   n o t   more   t h a n   0 . 1 5 w t %  

Cr ,   and  t h e   b a l a n c e   s u b s t a n t i a l l y   Zr ,   t h e   F e / N i   c o n t e n t   - 

r a t i o   r a n g i n g   b e t w e e n   1  .  4  and  8  . 

2.  A  z i r c o n i u m - b a s e d   a l l o y   as  c l a i m e d   i n   C l a i m   1 ,  

w h e r e i n   f i n e   i n t e r m e t a l l i c   c o m p o u n d   of   Sn  and  Ni  i s  

p r e c i p i t a t e d   w i t h i n   z i r c o n i u m   c r y s t a l   g r a i n   of   a - p h a s e .  

3.  A  z i r c o n i u m - b a s e d   a l l o y   w i t h   a  h i g h   c o r r o s i o n  

r e s i s t a n c e ,   c o n s i s t i n g   e s s e n t i a l l y   of   1  to   2wt%  Sn,  0 . 2 0  

to   0 . 3 5 w t %   Fe ,   0 . 0 5   to   0 . 1 1 w t %   N i ,   n o t   more   t h a n   0 . 1 5 w t %  

Cr ,   and  t h e   b a l a n c e   s u b s t a n t i a l l y   Zr,   a  F e / N i   c o n t e n t  

r a t i o   r a n g i n g   b e t w e e n   1 . 4   and  8  "and  t h e   sum  of  c o n t e n t s  

of   Fe  and  Ni  r a n g i n g   b e t w e e n   0 .3   and  0 . 4 w t % .  

4.  A  z i r c o n i u m - b a s e d   a l l o y   as  c l a i m e d   i n   C l a i m   3 ,  

w h e r e i n   f i n e   i n t e r m e t a l l i c   c o m p o u n d   of   Sn  and   Ni  a n d  

i n t e r m e t a l l i c   c o m p o u n d   of   Fe ,   Ni  and   Zr  b e i n g   p r e c i p i t a t e d  

w i t h i n   z i r c o n i u m   c r y s t a l   g r a i n   of   a - p h a s e .  

5.  A  z i r c o n i u m - b a s e d   a l l o y   w i t h   a  h i g h   c o r r o s i o n  

r e s i s t a n c e ,   c o n s i s t i n g   e s s e n t i a l l y   of   1  to   2wt%  S n ,  

0 . 2 0   to   0 . 3 0 w t %   Fe ,   0 . 0 5   to   0 . 1 1 w t %   N i ,   n o t   more   t h a n  

0 . 1 5 w t %   Cr ,   and  t h e   b a l a n c e   s u b s t a n t i a l l y   Zr ,   a  F e / N i  

c o n t e n t   r a t i o   r a n g i n g   b e t w e e n   2 .5   and   4 .  

6.  A  z i r c o n i u m - b a s e d   a l l o y   as  c l a i m e d   in   C l a i m   5 ,  

w h e r e i n   a  f i n e   i n t e r m e t a l l i c   compound   of  Sn  and  Ni  h a v i n g  

a  p a r t i c l e   s i z e   of   0 . 2   ym  or   l e s s   and  an  i n t e r m e t a l l i c  

c o m p o u n d   of  Fe ,   Ni  and   Zr  of   a  p a r t i c l e   s i z e   of   0 . 1   t o  



.  34  -  
0 2 2 7 9 8 9  

0 .5   urn  a r e   p r e c i p i t a t e d   w i t h i n   t h e   z i r c o n i u m   c r y s t a l  

g r a i n   of   a - p h a s e .  

7.  A  z i r c o n i u m - b a s e d   a l l o y   w i t h   a  h i g h   c o r r o s i o n  

r e s i s t a n c e   a c c o r d i n g   to  any  one  of   C l a i m s   1  to   6,  w h e r e i n  

s a i d   a l l o y   e x h i b i t s   no  n o d u l a r   c o r r o s i o n   and   a  s m a l l  

2 
c o r r o s i o n   w e i g h t   i n c r e m e n t   of   45  mg/dm  or   l e s s   when  h e l d  

f o r   8  h o u r s   i n   s t e a m   of  410  °C  and   a t   a  p r e s s u r e   of   1 0 . 3 M P a  

and  f u r t h e r   h e l d   f o r   16  h o u r s   i n   s t e a m   of   5 1 0 ° C .  

8.  A  z i r c o n i u m - b a s e d   a l l o y   w i t h   a  h i g h   c o r r o s i o n  

r e s i s t a n c e ,   c o n s i s t i n g   e s s e n t i a l l y   of   1  to   2wt%  S n ,  

0 .20   to  0 .35wt%  Fe ,   0 . 0 3   to   0 . 1 6 w t %   N i ,   n o t   more   t h a n  

0 .15wt%  Cr,   and  t h e   b a l a n c e   s u b s t a n t i a l l y   Zr ,   s a i d   a l l o y  

h a v i n g   h y d r o g e n   a b s o r p t i o n   r a t e   of  15%  or   l e s s   when  h e l d  

f o r   8  h o u r s   i n   s t e a m   of   410°C  a b e i   p r e s s u r e .   of   1 0 . 3 M P a  

and  f u r t h e r   h e l d   f o r   16  h o u r s   i n   a  s t e a m   of   510  ° C .  

9.  A  z i r c o n i u m - b a s e d   a l l o y   as  c l a i m e d   in   any  o f  

c l a i m s   1  to  8,  w h e r e i n   t h e   Cr  c o n t e n t   i s   a t   l e a s t   0 . 0 5 w t % .  

10.  A  n u c l e a r   f u e l   rod   w i t h   a  h i g h   c o r r o s i o n   r e s i s -  

t a n c e ,   c o m p r i s i n g   a  n u c l e a r   f u e l   c l a d d i n g   t u b e   (1)  made  o f  

a  z i r c o n i u m - b a s e d   a l l o y   as  c l a i m e d   in   any  of   c l a i m s   1  to   9 ,  

f u e l   p e l l e t s   (4)  r e c e i v e d   in   s a i d   c l a d d i n g   t u b e   (1)  a n d  

t e r m i n a l   p l u g s   (3,  7)  w e l d e d   to   b o t h   e n d s   of   s a i d   c l a d d i n g  

t u b e   (1)  t h e   i n t e r i o r   of  s a i d   c l a d d i n g   t u b e   (1)  c l o s e d   b y  

s a i d   t e r m i n a l   p l u g s   (3,  7)  b e i n g   f i l l e d   w i t h   an  i n e r t   g a s .  

11.  A  n u c l e a r   f u e l   rod   as  c l a i m e d   in   c l a i m   10,  w h e r e -  

in   a  p u r e   z i r c o n i u m   l i n e r   (2)  i s   f i t t e d   on  t h e   i n n e r   s i d e  

of  s a i d   c l a d d i n g   t u b e   (1)  . 
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12.  A  n u c l e a r   f u e l   a s s e m b l y   f o r   u s e   in   a  n u c l e a r  

r e a c t o r   h a v i n g   a  p l u r a l i t y   of  f u e l   r o d s   (14)  ,  u p p e r   a n d  

l o w e r   t i e - p l a t e s   (15)  h o l d i n g   t h e   u p p e r   and  l o w e r   e n d s   o f  

s a i d   f u e l   r o d s   (14)  ,  s p a c e r s   d i s p o s e d   b e t w e e n   s a i d   u p p e r  

and  l o w e r   t i e - p l a t e s   (15)  and  a d a p t e d   f o r   p r o v i d i n g   a  

p r e d e t e r m i n e d   p i t c h   of   a r r a n g e m e n t   of   s a i d   f u e l   r o d s   (14)  , 

a  c h a n n e l   box  (11)  h a v i n g   a  p o l y g o n a l   c y l i n d e r   s h a p e   a n d  

a c c o m m o d a t i n g   s a i d   f u e l   r o d s   (14)  ,  u p p e r   and  l o w e r  

t i e - p l a t e s   (15)  and  s p a c e r s ,   and  a  h a n d l e   (12)  p r o v i d e d   o n  

s a i d   u p p e r   t i e - p l a t e   (15)  so  as  to   e n a b l e   t h e   w h o l e   of  s a i d  

f u e l   a s s e m b l y   to   be  h a n d l e d   and  t r a n s p o r t e d   as  a  u n i t ,  

w h e r e i n   e a c h   of  s a i d   f u e l   r o d s   (14)  i n c l u d e s   a  f u e l  

c l a d d i n g   t u b e   (1)  made  of  a  z i r c o n i u m - b a s e d   a l l o y   a s  

c l a i m e d   in   any  of  c l a i m s   1  to   9,  and  r e c e i v i n g   t h e r e i n  
Y 

n u c l e a r   f u e l   p e l l e t s   (4)  . 

13.  A  m e t h o d   of   p r o d u c i n g   a  z i r c o n i u m - b a s e d   a l l o y  

w i t h   a  h i g h   c o r r o s i o n   r e s i s t a n c e   and  a  r e d u c e d   h y d r o g e n   a b -  

s o r p t i o n   r a t e ,   c o m p r i s i n g   t h e   s t e p s   o f :  

(a)  p r e p a r i n g   an  a l l o y   as  c l a i m e d   in   any  of  c l a i m s   1 

to  9 ;  

(b)  s u b j e c t i n g   s a i d   a l l o y   to   a  t r e a t m e n t   i n c l u d i n g   h o t  

p l a s t i c   w o r k i n g ;  

(c)  s u b j e c t i n g   s a i d   a l l o y ,   a f t e r   t h e   f i n a l   h o t   p l a s t i c  

w o r k i n g ,   to  a  t r e a t m e n t   in   w h i c h   s a i d   a l l o y   i s   h e l d   f o r   a  

s h o r t   t i m e   a t   a  t e m p e r a t u r e ,   a t   w h i c h   t h e   a - p h a s e   and  t h e  

6 - p h a s e   c o e x i s t   or  a t   w h i c h   t h e   8 - p h a s e   e x i s t s ,   and  t h e n  

q u e n c h e d   ;  a n d  

(d)  s u b j e c t i n g   s a i d   a l l o y   to   r e p e t i t i o n a l   t r e a t i n g  
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c y c l e s   e a c h   c o m p r i s i n g   a  c o l d   p l a s t i c   w o r k i n g   and  an  a n -  

n e a l i n g ,   b o t h   of  w h i c h   a r e   c o n d u c t e d   a t   l e a s t   two  t i m e s .  

14.  A  m e t h o d   as  c l a i m e d   in   c l a i m   13,  w h e r e i n   s a i d  

s t e p   (c)  i s   p e r f o r m e d   b e f o r e   any  c o l d   p l a s t i c   w o r k i n g .  

15.  A  m e t h o d   as  c l a i m e d   in  c l a i m   13  or  14,  w h e r e i n  

t h e   a n n e a l i n g   i s   e f f e c t e d   in   v a c u u m .  

16.  A  m e t h o d   of   p r o d u c i n g   a  n u c l e a r   f u e l   rod   w i t h   a  

h i g h   c o r r o s i o n   r e s i s t a n c e   and  a  r e d u c e d   h y d r o g e n   a b s o r p t i o n  

r a t e ,   w h i c h   n u c l e a r   f u e l   rod   c o m p r i s e s   a  n u c l e a r   f u e l   c l a d -  

d i n g   t u b e   made  of  a  z i r c o n i u m - b a s e d   a l l o y ,   c o m p r i s i n g   p r e -  

p a r i n g   an  a l l o y   a c c o r d i n g   to   t h e   m e t h o d   as  c l a i m e d   in   a n y  

of  c l a i m s   13  to  1 5 .  

17.  A  m e t h o d   as  c l a i m e d   in   any  of   c l a i m s   13  to   1 6 ,  

w h e r e i n   t h e   a n n e a l i n g   i s   e f f e c t e d   a t   a  t e m p e r a t u r e   b e t w e e n  

400  and  6 4 0 ° C .  

18.  A  p r o c e s s   of  p r o d u c i n g   a  z i r c o n i u m - b a s e d   a l l o y   a s  

c l a i m e d   in   any  of  c l a i m s   1  to  9,  i n c l u d i n g   t h e   s t e p s   o f :  

(a)  f o r g i n g   an  i n g o t   of  t h e   a l l o y   a t   a  t e m p e r a t u r e  

wi  t h i n g   t h e   r a n g e   c a p a b l e   of   f o r m i n g   a  8 - p h a s e ;  

(b)  s u b j e c t i n g   t h e   f o r g e d   a l l o y   to  a  s o l i d   s o l u t i o n  

t r e a t m e n t   in   w h i c h   i t   i s   h e a t e d   to   a  t e m p e r a t u r e   w i t h i n   t h e  

r a n g e   c a p a b l e   of  f o r m i n g   a  8 - p h a s e ,   t h e   s o l i d   s o l u t i o n  

t r e a t m e n t   i n c l u d i n g   q u e n c h i n g   t h e   h e a t e d   i n g o t ;  

(c)  h o t   p l a s t i c   w o r k i n g   t h e   s o l u t i o n - t r e a t e d   a l l o y ,   a t  

a  t e m p e r a t u r e   w i t h i n   t h e   r a n g e   of   400  to   6 4 0 ° C ;  

(d)  s u b j e c t i n g   t h e   h o t   p l a s t i c   w o r k e d   a l l o y   to   a  c o l d  

p l a s t i c   w o r k i n g   a t   a  t e m p e r a t u r e   l o w e r   t h a n   t h e   r e c r y s t a l -  

l i z a t i o n   t e m p e r a t u r e   of   t h e   a l l o y ;   and  t h e n  
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(e)  a n n e a l i n g   t h e   c o l d   p l a s t i c - w o r k e d   a l l o y   a t   a  

t e m p e r a t u r e   w i t h i n   t h e   r a n g e   of  400  to  6 4 0 ° C ,  

w h e r e i n   t h e   s t e p s   (d)  and  (e)  a r e   p e r f o r m e d   a t   l e a s t  

o n c e ;  

w h e r e b y ,   s i n c e   h o t   p l a s t i c   w o r k i n g   and  a n n e a l i n g   i s   p e r -  

f o r m e d   a t   a  t e m p e r a t u r e   in   t h e   r a n g e   of  400  -  640  °C  a f t e r   t h e  

s o l i d   s o l u t i o n   t r e a t m e n t ,   a  r e d u c t i o n   of   t h e   c o r r o s i o n   r e -  

s i s t a n c e   due  to   t h e   h o t   £ - e x t r u d i n g ^   p l a s t i c   w o r k i n g   a n d  

a n n e a l i n g   of  t h e   a l l o y   can   be  p r e v e n t e d   w i t h o u t   any  s o l i d  

s o l u t i o n   t r e a t m e n t   a f t e r   t h e   h o t   p l a s t i c   w o r k i n g .  

PUS 
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